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ABSTRACT 
 
The daily oxygen consumption (VO2) pattern, the effects of varying ambient 
temperatures, season and mass on the resting oxygen consumption (RVO2) of 
Chersina angulata of the Eastern Cape were investigated.  The RVO2 was measured 
using flow-through respirometry and specific resting oxygen consumption (sRVO2) 
calculated. 
 
To determine the daily pattern in the VO2 of C. angulata, the tortoises were 
acclimated in an environmentally controlled room (ECR) to an ambient temperature 
of 26 ± 1°C and a light regime of 14 hours of light and 10 hours of darkness 
(14L:10D) for at least a week prior to the RVO2 measurements.  The RVO2 was 
measured at a constant temperature of 26 ± 1°C, and at three different light regimes, 
namely: 14L:10D, constant darkness (DD) and constant light (LL). 
 
There were no significant effects of mass or gender on the sRVO2 of the tortoises 
used.  Rhythms in the sRVO2 were detected under all three light regimes.  The 
amplitudes of the rhythm were largest at 14L:10D, followed by DD and smallest at LL 
regime.  The persistence of the rhythmic pattern under constant conditions suggests 
the existence of an endogenous circadian rhythm in the sRVO2 for adult C. angulata. 
 
To test for the effect of ambient temperature on the sRVO2 of adult C. angulata, the 
tortoises were acclimated to 22 ± 1°C and a 14L:10D light regime prior to the RVO2 
measurements.  RVO2 was measured at eight experimental temperatures; 14°C, 
18°C, 22°C, 26°C, 30°C, 35°C, 38°C and 40°C. The sRVO2 was not influenced by 
gender and increased with experimental temperatures, but this did not happen 
consistently over the whole range of temperatures tested.  A plateau, possibly a 
thermal preferendum zone, was detected within the temperature range of 26 - 38°C. 
 
Determination of seasonal effect on the sRVO2 of adult C. angulata was 
accomplished by acclimating tortoises to standard summer and winter conditions.  
Seasonal effects were tested in the appropriate seasons.  Winter experiments were 
conducted in winter and summer experiments conducted in summer.  The RVO2 was 
measured at experimental temperature 14°C, 18°C and 22°C.  In addition RVO2 of 
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winter-acclimated tortoises was also measured at 10°C.  The sRVO2 increased 
significantly with increasing temperature within the temperature range tested.  No 
distinct pattern was observed in the seasonal acclimation of adult C. angulata.  The 
metabolic rate-temperature curves of the summer and the winter-acclimated 
tortoises cross each other. 
 
Season and temperature had no significant effects on the mass-scaling exponent of 
the sRVO2. The exponent ranged from 0.48 to 0.73 within the temperature range of 
22 - 38°C.  Below and above this temperature range, the exponent ranged from 1.47 
to 1.67.  An inverse relationship was observed between sRVO2 and body mass over 
the temperature range of 22 - 38°C.  At 14°C and 18°C, sRVO2 increased with body 
mass, while at 10°C and at 40°C the slope was 1.01. 
 
 
Key words: Angulate tortoise, Chersina angulata, endogenous circadian rhythm, 
daily oxygen consumption, ectothermy, mass-scaling exponent, metabolic rate, 
metabolic rate temperature insensitive zone, seasonal metabolism. 
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C h a p t e r  1  
INTRODUCTION 
Southern Africa has the greatest diversity of tortoises in the world (Branch, 1998).  
Out of the forty-three species of tortoises known worldwide, fourteen of these (33%) 
are represented within Southern Africa, of which eleven are endemic (Boycott and 
Bourquin, 2000).  In some areas of the Eastern Cape Province of South Africa, there 
have been reports of five species found in sympatry (Greig and Boycott, 1980; 
Branch, 1985).  Chersina angulata, Homopus areolatus and Geochelone pardalis 
occur in the Port Elizabeth area (Branch, 1985). 
 
 
1.1 Ecological importance of tortoises 
 
Tortoises can withstand long periods without food and water (Nagy and Medica, 
1986; Peterson, 1996).  They can exist in high densities in extreme environments 
(Hamilton and Coe, 1982; Boycott and Bourquin, 2000; Lagarde, Bonnet, Corbin, 
Henen, Nagy, Mardonov and Naulleau, 2003; Scantlebury and Minting, 2006) and 
can have high biomasses (Henen, 2002; Lagarde et al., 2003).  In 1980, Pough 
suggested that such characters may be attributed to the low metabolic rates, low 
energy requirements and low food intakes of tortoises as ectotherms. 
 
Tortoises conserve water in their cloacal bursa for use during drought conditions 
(Boycott and Bourquin, 2000).  The study by McMaster and Downs (2008) showed 
that leopard tortoises (Geochelone pardalis) have flexible digestibility that allows 
them to take advantage of the unpredictable food and water resources in the wild.  
Tortoises are vulnerable to wildfires but can survive if exposed to fast burns (Stuart 
and Meakin, 1983; Wright et al., 1988). 
 
Tortoises are mainly herbivorous (Pritchard, 1979; Branch, 1998; Kerley, Mason, 
Weatherby and Branch, 1998; Jacobsen, 2005) while some are strict herbivores 
(Lagarde et al., 2003).  They are found to have a greater variety of diet, including 
vascular plants, grasses, vegetables and fruits (Hansen, Johnson and Van 
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Devender, 1976; Els, 1989a; Milton, 1992; Rall and Fairall, 1993; Boycott and 
Bourquin, 2000; Loehr, 2002).  Some tortoises are omnivorous; feed on fungi and 
vertebrates (Blackwell, 1968; Broadley, 1989, 1993; Branch, 1998; Lambiris, 
Lambiris and Mather, 1989; Hailey, Coulson and Chidavaenzi, 1997).  Some 
tortoises, e.g. Testudo horsfieldi, Testudo hermanni and Eretmochelys imbricate are 
reported to feed on plants that are considered to be toxic to herbivorous mammals 
(Lagarde et al., 2003).  This gives tortoises some ecological importance, since they 
are potential agents for the seed dispersal of many plants.  The passage of seeds 
through their guts has the potential to promote germination, and hence the dispersal 
of some plant species (Rick and Bowman, 1961; Hnatiuk, 1978; Braun and Brook, 
1986; Kerley et al., 1998; Milton, 1992; Avery, Kandel, Klein, Conrad and Cruz-Uribe, 
2004; Guzman and Stevenson, 2008). 
 
The study by Rick and Bowman (1961) showed that the Indefatigable Island tortoises 
(Testudo elephantopus porteri) that were introduced in Galapagos Island were 
natural agents in breaking the dormancy and dispersing the seeds of Galapagos 
Island tomatoes.  According to Lovich and Daniels (2000), tortoise burrows have 
higher humidity and more constant temperature than at the surface.  The area 
around the opening of the burrows therefore may provide microclimates suitable for 
the germination of some seeds and the growth of plants that may not survive in 
extreme environments, hence promoting plant diversity in the region. 
 
Apart from plants, tortoises feed on insects and snails, as well as other animals‟ 
carcasses and faeces (Loehr, 2002; Lagarde et al., 2003; Hofmeyr, 2009) to provide 
for the calcium and phosphorus necessary for their shell growth and the formation of 
their eggshells (Boycott and Bourquin, 2000).  By so doing, tortoises act as 
scavengers. 
 
 
1.2 Physiological importance of tortoises 
 
Tortoises are commonly thought to depend on external heat source, mostly the sun, 
for their physiological and behavioural functioning.  When the ambient temperature is 
low, tortoises become inactive and escape the cold by hibernating.  When it is warm 
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tortoises become active.  However, they have a tolerance limit and cannot stay in the 
sun for too long.  For example Chersina angulata are active during the early morning 
and retreat to cover when the temperature gets too high (Els, 1989a).  C. angulata 
are reported to withstand high body temperatures, higher than 40°C, but to prefer 
cooler temperatures at around 30°C (Boycott and Bourquin, 2000).  Higher than 
average temperatures have been reported to decrease the activity period of 
tortoises, which in turn, reduces their food intake and thus growth rate and ultimately 
their reproductive output (Henen, Peterson, Wallis, Berry and Nagy, 1998). 
 
The work done by Swingerland and Frazier (1980), Meek (1984), Peterson (1996) 
and Hailey and Coulson (1996) had shown that high temperatures are more 
dangerous to some tortoise species than are cooler temperatures.  However, lower-
than-preferred temperatures may result in reduced metabolic rates and constrain the 
activity of tortoises with similar consequences. 
 
Despite their great diversity, the physiology of the southern African tortoise has not 
been extensively studied.  In the literature, the available information on the biology of 
the tortoises is mainly on their ecology, taxonomy, morphology, distribution and diet 
(e.g. Branch, 1984; Milton, 1992; Rall and Fairall, 1993; Hailey and Coulson, 1995). 
 
Physiological thermoregulation in terms of individual capacities to control thermal 
conductance have been studied on Chersina angulata (Craig, 1973; Perrin and 
Campbell, 1981; Els, Erasmus and Winter, 1988), Homopus areolatus and 
Geochelone pardalis (Perrin and Campbell, 1981).  These three tortoise species co-
exist in the Eastern Cape of South Africa. 
 
Metabolic rates have been studied on some southern African tortoises.  Scantlebury 
and Minting (2006) studied the difference in resting metabolic rates of two southern 
African sympatric tortoises, Kalahari tent tortoise (Psammobates oculiferus) and 
leopard tortoise (Geochelone pardalis) in the South African Kalahari.  Hailey and 
Loveridge (1997) studied metabolic depression during dormancy in the tortoise 
(Kinixys spekii) of Zimbabwe while Hailey (1998) studied the specific dynamic action 
of the same species in relation to diet, feeding and gut passage. 
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Temperature is of great importance to life in general.  In southern Africa, animals are 
subjected to diverse climate and seasonal variations with fluctuations in ambient 
temperature in their natural habitat.  It is of importance to know how ectotherms cope 
with such variations.  Ectotherms are generally known to depend on the environment 
for the heat necessary for their physiological and behavioural characteristics.  Many 
of the physiological processes of ectotherms are reported to increase linearly with 
increasing temperature (for example Hailey and Loveridge, 1997).  However, 
metabolic rate–temperature curves in some ectotherms show plateaus at some 
temperature ranges (for example Beaupre, Dunham and Overall, 1993; Cartland and 
Grimmond, 1994; Al-Sadoon, 1999; Zaidan, 2003) which could be an indication of 
temperature independence of metabolic rates at those temperature ranges. 
 
Tortoises are of particular interest to study; because their bodies are contained in 
domed shells which result in smaller surface area-to-volume ratio for behavioural 
thermoregulation than other reptiles of similar mass, such as, for example, lizards.  
This study investigates the metabolic rates of Chersina angulata under varying 
environmental conditions. 
 
 
1.3 The study animals 
 
Chersina angulata is a monotypic species and is said to be a sister taxon of 
Homopus (Le, Raxworthy, McCord and Mertz, 2006).  It is endemic to Southern 
Africa (Ramsay, Hofmeyr and Joshua, 2002).  It is a medium-sized tortoise, with an 
adult plastron length of 150 - 250 mm (max. 300 mm).  It is distinguished by its 
undivided gular.  Males are larger than females, have a longer gular and a plastron 
concavity.  The gular in males is used for fighting and the males with a wider 
posterior carapace width are reported to win the fights most of the time (Mann, 
O‟Rian and Hofmeyr, 2006).  Females have a flat plastron and a shorter gular.  Adult 
males have a carapace length of up to 272 mm, a shell height of up to 113 mm and a 
mass of up to 2.1 kg, while adult females may have carapace length of up to 216 
mm, a shell height of up to 98 mm and may weigh up to 1.8 kg (Boycott and 
Bourquin, 2000).  Females lay one white, hard-shelled spherical egg of about 34.1 – 
42.4 mm in length, 24.4 – 34.5 mm in width and mass of about 25 - 30 g about 4 – 6 
 5 
times in a year.  Mating usually occurs between September and April (Branch, 1998; 
Boycott and Bourquin, 2000; Hofmeyr, 2004). 
 
 
1.4 Geographical distribution of Chersina angulata 
 
Chersina angulata has a wide distribution in the Cape coastal regions of South Africa 
and extends just into southern Namibia, with some populations in the Karoo (Figure 
1.1) (Greig and Burdett, 1976; Branch and Braack, 1987; Branch and Hanekom, 
1987; Branch, 1989; Haagner, 1990; 1998; Lever, 2003; Lesia, Hofmeyr and 
D'Amato, 2003; Mittermeier, Gil, Hoffmann, Pilgrim, Brooks, Mittermeier, Lamoreux 
and Da Fonseca, 2004).  About 90% of the geographical distribution of C. angulata 
falls within South Africa (Hofmeyr, 2009).  The three main areas of concentration are 
the eastern, southwestern and northwestern coastal regions (Lesia et al., 2003). 
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Figure 1.1: Map of southern Africa showing the geographical distribution of Chersina 
angulata and the study site (Port Elizabeth in the Eastern Cape region), (modified 
from Greig and Burdett, 1976; Branch, 1989 and Lesia et al., 2003). 
 
 
Chersina angulata occurs in radically differing environments and has the proven 
ability to live successfully in areas with extremely low rainfall and extremely high 
temperature variations.  It occurs in habitats and climatic zones ranging from arid 
karooid vegetation and an annual rainfall below 100 mm in the northwest (Branch, 
1989; Lesia et al., 2003) to the coastal fynbos with Mediterranean climate in the 
southwest, to a zone with dune thicket and an annual rainfall of 600 - 700 mm in the 
eastern Cape region of southern Africa (Greig and Burdett, 1976; Branch, 1989; 
Lesia et al., 2003). 
 
 
 
 
Port Elizabeth 
NORTHWESTERN 
CAPE 
SOUTHWESTERN 
CAPE 
ATLANTIC OCEAN INDIAN OCEAN 
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1.5 Geographical variation of Chersina angulata 
 
Several differences have been reported between the three populations of C. 
angulata along the Cape coastal regions; however, no subspecies have been 
reported. 
 
Even though no subspecies of Chersina angulata have been reported, Lesia et al. 
(2003) reported some genetic variation between the southwestern Cape and the 
northwestern Cape populations.  Further, genetic differences between the 
populations of C. angulata have recently been reported by Daniels, Hofmeyr, Henen 
and Crandall (2007).  The authors reported two genetically distinct clades in the 
western and southern regions of South Africa respectively, using mitochondrial DNA 
markers.  The western clade is reported to comprise of northwestern and the 
southwestern clades, while the genetic material from the C. angulata from Namibia 
match that of the northwestern clade (Hofmeyr, 2009). 
 
The Chersina angulata from the northwestern region have brighter colours (Greig 
and Boycott, 1978; Branch, 1984; Patterson, 1987), hence the colloquial name 
“rooipens”, meaning red stomach while a yellow colour (geelpens) predominates on 
the plastrons of the inland forms and those of the southwestern and Eastern Cape 
regions.  The C. angulata from the southwestern region are also said to be slightly 
larger (Branch, 1984).  Van Heezik, Cooper and Seddon (1994) reported that the 
southwestern region (Dassen Island) C. angulata are significantly larger than the 
Eastern Cape Province ones.  However, the comparative study by Van den Berg and 
Baard (1994) showed no significant difference in adult body size of males from the 
southwestern, northwestern (in Namaqualand) and the Eastern Cape regions.  The 
study by Van den Berg and Baard (1994) further showed that the southwestern Cape 
females are significantly smaller than those from the northwestern and the Eastern 
Cape regions.  Hofmeyr (pers.obs.) cited in Lesia et al. (2003) noticed behavioural 
differences between populations of the southwestern region (Dassen Island and the 
West Coast National Park), while Els (1989a) reported behavioural and physiological 
differences between the Dassen Island (in southwestern region) and Eastern Cape 
Province populations. 
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1.6 Study site 
 
The tortoises used in this study were obtained from two areas, the Sardinia 
Conservancy and neighboring privately owned land.  Both areas are located in the 
western approach to Port Elizabeth (33° 58‟ S, 25° 42‟ E), in the Eastern Cape 
Province of South Africa (See Figure 1.2).  The tortoises in both of these areas are 
free-ranging.  Both areas are spacious and have indigenous vegetation.  The 
Sardinia conservancy covers about 10 000 hectares.  It was started in January 1996 
by a group of concerned residents to protect and conserve the flora, fauna and the 
environment of that area in general. 
 
Port Elizabeth has a temperate climate with a succession of cold fronts that move 
easterly along the Cape coast.  The prevailing winds are west-southwesterly (Port 
Elizabeth Weather Bureau).  Rain occurs throughout the year and the annual rainfall 
is 600 – 700 mm.  The vegetation is dune thicket (Greig and Burdett, 1976; Branch, 
1989). 
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Figure 1.2: Map of Port Elizabeth (33° 58‟ S, 25° 42‟ E), showing the Sardinia 
Conservancy where the tortoises used in this study were obtained from. 
 
 
1.7 Literature review 
 
Studies on Chersina angulata of the population in the southwestern Cape have been 
conducted on thermoregulation (Craig, 1973), morphology (Van Heezik et al., 1994), 
activity patterns (Ramsay et al., 2002; Keswick, Henen and Hofmeyr, 2006), 
seasonal changes in vegetation and habitats (Joshua, Hofmeyr, Henen and Weit, 
2005), genetics (Lesia et al., 2003; Daniels, et al., 2007), and reproduction (Hofmeyr, 
2004).  Studies on the Eastern Cape population are limited.  Work has been done on 
genetics (Lesia et al., 2003; Daniels, et al., 2007), thermoregulation and aspects of 
ecology (Perrin and Campbell, 1981; Branch, 1984, 1987; Els et al., 1988, Els, 
1989b; Rall and Fairall, 1993; Mason, Kerley, Weatherby and Branch, 1999), of the 
tortoises in this region. 
 
INDIAN OCEAN 
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Work has been done on several aspects of the physiological thermoregulation of 
Chersina angulata, for example their heating and cooling rates (Craig, 1973; Perrin 
and Campbell, 1981; Els et al., 1988), the effects of body temperature on the heart 
rates (Els et al., 1988) and evaporative water loss (Els, 1989a).  From the heating 
and cooling rate experiments on C. angulata, Craig (1973) and Perrin and Campbell 
(1981) reported inflection points at a temperature range of 27 - 35°C.  Craig (1973) 
suggested that C. angulata may have a mechanism by which they regulate their 
body temperature.  From the investigation of the effects of the heating and cooling 
rates upon the heart rate of C. angulata, Els et al. (1988) reported an increase of 
heart rate with body temperature.  It was concluded that the cardiovascular system 
contributes to the C. angulata thermoregulation. 
 
To have a better understanding of the thermoregulatory process of Chersina 
angulata, further studies of their metabolic rates at varying ambient temperatures are 
necessary.  There is a paucity of information on the metabolism of these tortoises.  
Hence this study focuses on the effects of temperature on the oxygen consumption 
of C. angulata of the Eastern Cape Province, South Africa. 
 
Measuring metabolic rates of reptiles is of great importance in that it provides 
insights into the patterns of energy utilization and budgets for individuals, which 
assist in investigating their physiological, behavioural and ecological adaptation 
(Congdon, Dunham and Tinkle, 1982; Brown, Nagy and Morafka, 2005). 
 
Published studies on tortoise metabolism are few (e.g. Hughes, Gaymer, Moore and 
Woakes, 1971; Kuchling, 1981; Kirsch and Vivien-Roels, 1984; Hailey and 
Loveridge, 1997; Hailey, 1998; Brown et al., 2005; Scantlebury and Minting, 2006; 
Ligon, Bidwell and Lover, 2009). 
 
Metabolic rates of organisms are affected by several factors.  These include time of 
day, activity, ambient temperature, thermal acclimation, photoperiod history, 
nutrition, gender, season, body mass, age and activity (e.g. Kleiber, 1975; Bennett 
and Dawson, 1976; Kuchling, 1981).  This study took into account several of these 
factors in the study of the metabolic rates of the C. angulata of Eastern Cape, South 
Africa. 
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Almost all measurable physiological quantities of organisms in their natural habitat, 
oxygen consumption included, show a daily cycle (Bennett and Dawson, 1976; 
Rutter, Reick and McKnight, 2002).  The cycles in metabolic rate are found to vary 
among species (reviewed by Bennett and Dawson, 1976).  This makes it vital to 
identify the metabolic variation for each species prior to metabolic studies, so as to 
obtain accurate metabolic rate estimates.  Chapter 3 of this thesis investigated the 
possible daily oxygen consumption rhythms in adult C. angulata as a prelude to the 
measurements of the resting metabolic rate estimates. 
 
Measuring metabolic rates of tortoises at varying ambient temperatures will indicate 
their energy requirements in different environments and different ambient 
temperatures (Cruz, Grimes, Ronchi and Pecini da Cunha, 2008).  Chapter 4 of this 
thesis focused on the effects of varying ambient temperature on the resting 
metabolic rate (RMR) of C. angulata, while Chapter 5 determined the adjustments of 
the RMR of C. angulata to seasonal changes in temperature and photoperiods.  
Chapter 6 investigated the effect of body mass and temperature on the resting RMR 
of C. angulata while Chapter 7 focused on the possible implications of the data 
obtained to the concepts of endothermy and ectothermy.  By understanding the 
metabolic response of adult C. angulata, to various environmental conditions, it will 
be possible to predict how they will respond to changes in ambient temperatures in 
their natural habitat. 
 
The study seeks to shed light on: 
 
1. The daily oxygen consumption rhythm in Chersina angulata, 
2. The effects of varying ambient temperature on the resting metabolic rate of C. 
angulata, 
3. The resting metabolic rate adjustments of winter and summer-acclimated C. 
angulata to seasonal changes in temperature and photoperiods,  
4. The effects of body mass and temperature on the resting metabolic rate of C. 
angulata and 
5. The position of C. angulata in the endothermy and ectothermy continuum. 
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C h a p t e r  2  
MATERIALS AND METHODS 
2.1 Permits, collection, transportation and maintenance 
 
Permits to capture angulate tortoises (Chersina angulata) at the Sardinia 
Conservancy, to transport them to the Nelson Mandela Metropolitan University 
(NMMU) and keep them in temporary captivity (WRO 13/07WR, WRO 14/07WR and 
15/07WR; WRO 61/07WR, WRO 62/07WR and 63/07WR; CRO 131/08CR, CRO 
132/08CR, and 133/08CR) were obtained from the Department of Economic Affairs, 
Environment and Tourism, Province of Eastern Cape.  The protocols used in this 
study were non-invasive and were approved by the NMMU Research Ethics 
Committee (Animal). 
 
A total of seventeen tortoises were used in this study, nine adult males (360.02 – 
867.81) g, and eight adult females (358.00 - 765.55) g.  Thirteen of the tortoises 
used were collected from the Sardinia Conservancy, while the other four were 
collected from nearby privately owned land.  The sex of the tortoises was determined 
by the visual inspection of the morphology of each tortoise (Boycott and Bourquin, 
2000). 
 
The tortoises were picked up by hand and placed in open boxes covered at the 
bottom with sand and dry leaves, and immediately transported by car to the 
university, about 20 minutes away.  On arrival at the NMMU, the tortoises were each 
sexed and given an identity number (ID), written on the carapace and plastron with a 
black non-toxic permanent marker.  The IDs for male tortoises started with M and 
those for females with F.  The tortoises were weighed to two decimal places using an 
electronic scale of maximum mass of 3100.00 g (ADAM AFP – 3100L, d = 10 mg).  
Several morphometric characteristics of each tortoise were measured based on 
those by Branch (1984), see Table A 1, Appendix A.  All the tortoises used in this 
study were adults of body mass greater than 300 g and total length greater than 125 
mm (Branch, 1984). 
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The tortoises were kept in an open outdoor enclosure until required.  The enclosure 
had indigenous vegetation which provided food, shade and shelter, and also allowed 
sunlight for basking.  The tortoises‟ diet was supplemented with fruits and vegetables 
like cabbage, carrots, tomatoes and apples, which had been previously found to be 
palatable to tortoises in captivity (Cloudsey-Thompson, 1970; Hughes, Gaymer, 
Moore and Woakes, 1971; Wood, Lykkeboe, Johansen, Weber and Maloiy, 1978; 
Bowles, Eckert, Starke, Berg, Wolski and Matesic Jr, 1999; Boycott and Bourquin, 
2000).  Water was made available all the time in shallow containers set into the 
ground. 
 
Before metabolic rate measurements for each component of the study, the required 
number of tortoises were selected and transferred from the outdoor enclosure into an 
environmentally controlled room (ECR) for acclimation to experimental conditions.  
Inside the ECR, the tortoises were placed in an enclosure measuring 2 m x 2 m x 0.2 
m.  The enclosure had a sand substratum with vegetation to simulate the natural 
habitat.  In their natural habitat, C. angulata are said to partly bury themselves in the 
soil when resting under vegetation (Hofmeyr, 2009). 
 
In the acclimation room, the tortoises were given fresh chopped vegetables every 
morning.  The food was placed in small piles on several shallow plates for easy 
access.  Clean water was made available ad libitum in several shallow plates for 
drinking.  The faeces and the leftover food were removed and the plates were 
washed daily (or new plates were used) to avoid tortoises eating mouldy or sandy 
food. 
 
The setup in the ECR was kept the same throughout the study period; only the 
acclimation temperature and photoperiod were varied to suit each study component.  
Light was provided by the fluorescent lamps and was phased on and off 
automatically, as required. 
 
After the completion of each component of the study, the tortoises were taken back 
to the outdoor enclosure and a different group brought in for the following part of the 
study.  Tortoises were taken back to the outdoor enclosure at regular intervals since 
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this is important for their health (Boycott and Bourquin, 2000).  The sand in the 
enclosure in the environmentally controlled room was changed regularly. 
 
 
2.2 Set-up for measuring oxygen consumption 
 
The amount of heat produced per litre of oxygen used in metabolism remains 
constant irrespective of what food nutrient is oxidized; hence oxygen consumption 
(VO2) was used for the estimation of metabolic rate in this study (Schimdt-Nielsen, 
1997).  VO2 has mainly been used as an index of metabolic rate in many 
physiological studies of reptiles.  VO2 of reptiles has been used to measure for 
example specific dynamic action (Hailey and Davies, 1987; Hailey, 1998; Wang, 
Zaar, Arvedsen, Vedel-Smith and Overgaard, 2003; Roe, Hopkins, Snodgrass and 
Congdon, 2004; McCue et al., 2005), standard metabolic rate (Maxwell, Jacobson 
and McNab, 2003; McCue and Lillywhite, 2003) and resting metabolic rate 
(Scantlebury and Minting, 2006). 
 
According to Bennett and Dawson (1976), resting metabolic rates are measured at 
any time of day and illumination in fasted and rested animals, while standard 
metabolic rates are measured during the inactive part of the day in the dark in resting 
and fasted animals.  In this study, the measurements of the VO2 were taken in 
quiescent and fasted tortoises during the day, hence their resting metabolic rates 
(RVO2) (Bennett and Dawson, 1976).  The VO2 of each tortoise was measured using 
a metabolic chamber and an open flow through respirometry, using the configuration 
of metabolic chamber oxygen analyzer, flow meter and pump. 
 
 
2.2.1 Metabolic chamber 
 
A 5.7 litre rectangular airtight and liquid-tight metabolic chamber with silicone seal, 
four locking clips and rounded edges was used (approximately 0.26 m x 0.21 m x 
0.11 m).  The chamber was made of a translucent material allowing visual 
observation of the tortoise during the RVO2 measurements.  The chamber was 
tested for gas and liquid leakage before RVO2 measurements.  Two holes were 
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drilled on the opposite sides of the chamber, one hole on the lower part of the back 
side, for fresh air to continuously be drawn into the chamber and the other hole on 
the upper front side for excurrent air to be channeled to the oxygen analyzer.  The 
chamber was connected to the oxygen analyzer by flexible oxygen impermeable 
tubing. 
 
 
2.2.2  Oxygen Analyzer 
 
Air drawn from the metabolic chamber was pumped into an Applied Electrochemistry 
N37 oxygen sensor and analyzed by an Applied Electrochemistry S-3A/II oxygen 
analyzer.  The air flow through the system was controlled by an Applied 
Electrochemistry Model R-2 air pump and a flow meter set at 200 ml min-1.  Oxygen 
percentages were recorded every five minutes from the oxygen analyzer.  Prior to 
each run, the oxygen analyzer was calibrated to 20.95% oxygen. 
 
 
2.3 Resting oxygen consumption measurement 
 
Prior to the (resting oxygen consumption) RVO2 measurements, each tortoise was 
familiarized with the experimental equipment.  This was done in an ECR through one 
hour pseudo-experiments daily for one week. 
 
After the familiarization of tortoises with the experimental equipment, RVO2 was 
measured on one male and one female tortoise over a period of six hours from 
08h30 to 14h30 at experimental temperatures of 14°C, 18°C, 22°C, 26°C, 30°C and 
35°C.  This was to discern the time period at which RVO2 measurements start to 
stabilize after the effects of handling and commencement of the RVO2 
measurements.  Not more than one RVO2 measurement on one tortoise was taken 
on any given day.  During the test RVO2 measurements, the time required for the 
stabilization of the RVO2 readings was found to be 1.5 to 2 hours. 
 
This study has several components in which the RVO2 measurements lasted for the 
required time period of each study component plus two hours settling time.  For the 
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investigation of the circadian rhythm in the RVO2 of the adult C. angulata, the 
measurements were taken over 24 hours, from midnight to midnight the following 
day, excluding the first two hours.  For the rest of the study components, the 
measurements were taken over six hours, from 08h30 to 14h30 including the first 
two hours.  All the measurements for each study component were taken at the same 
time of day, to avoid possible circadian variation on the resting oxygen consumption 
(RVO2) of the tortoises (Kirsch and Vivien-Roels, 1984; Setlalekgomo, Winter and 
Els, in prep).  Humidity in the environmentally controlled room was measured using 
MAJOR TECH 3-in-1 humidity, temperature and time meter during RVO2 
measurements and it ranged between 55% and 60%. 
 
Tortoises are hindgut fermenting herbivores (Stevens, 1988) and according to 
Bennett and Dawson (1976), non-carnivorous reptiles become post-absorptive in 
one to two days after feeding.  Chersina angulata is mainly herbivorous and has a 
broad diet in its natural habitat (Els, 1989; Hofmeyr, 2009) which includes grasses, 
plants, millipedes and snails.  In captivity C. angulata is supplemented on fruits and 
vegetables (Hughes et al., 1971; Hailey and Loveridge, 1997; Hailey, 1998,).  In 
tortoises the metabolic rates are found to increase after feeding and return to 
baseline levels in about forty eight hours (Bennett and Dawson 1976).  However, 
Hailey and Loveridge (1997) and Hailey (1998) reported that a post-absorptive state 
in Kinixys spekii was reached after four days of fasting. 
 
In this study, food was withheld from each experimental tortoise for at least forty-
eight hours prior to the metabolic rate measurements.  Although tortoises have long 
gut passage time (Hailey and Loveridge, 1997), it was felt that starving them for 
longer period will affect metabolic rate.  Water was provided ad libitum but withdrawn 
during the RVO2 measurements.  The tortoise was then taken into an adjacent ECR 
where RVO2 was measured.  The tortoise was weighed and placed in a metabolic 
chamber, unrestrained, and the lid placed into position after the tortoise had settled 
down. 
 
The chamber was connected to the oxygen analyzer which was pre-calibrated and 
initially set at 20.95% oxygen.  Flow rate was kept constant at 200 mm min-1.  
Behavioural observations and oxygen percentage readings were recorded every five 
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minutes.  Where measurements were taken in the dark, sounds of movement were 
noted instead of behavioural observations.  The tortoise was considered active when 
found scratching or walking in the chamber.  After RVO2 measurements, the tortoise 
was weighed again and then taken back to the acclimation ECR, where food and 
water were provided. 
 
To investigate the daily pattern of the oxygen consumption of adult C. angulata, the 
tortoises were acclimated to 14L:10D light regime and 26 ± 1°C in an 
environmentally controlled room for at least one week prior to RVO2 measurements.  
The RVO2 of each tortoise was then measured at 26 ± 1°C and fourteen hours of 
light and ten hours of darkness (14L:10D).  To investigate whether the daily rhythm 
observed was endogenous or exogenous, RVO2 of each tortoise was measured at 
constant darkness (DD) and constant light (LL).  Eight adult tortoises of mixed sexes 
were used at each light regime. 
 
For the study of the effects of ambient temperature on tortoises, the tortoises were 
acclimated to experimental conditions for at least a week in an environmentally 
controlled room prior to RVO2 measurements.  The RVO2 of each tortoise was 
measured once at each experimental temperature.  The experimental temperatures 
used were 14°C, 18°C, 22°C, 26°C, 30°C, 35°C, 38°C and 40°C. 
 
For the study of the seasonal effects on the metabolic rates of C. angulata, 
experiments were conducted in appropriate seasons.  Winter experiments were 
conducted in winter and summer experiments conducted in summer.  For each 
season‟s experiments, tortoises were acclimated to the season standardized 
conditions for at least a week prior to the RVO2 measurements at different 
experimental temperatures. 
 
The tortoises were first acclimated to winter conditions and RVO2 measured at 
temperatures 10°C, 14°C, 18°C and 22°C.  Winter acclimation was done in an 
environmentally controlled room set a temperature of 14°C and a light regime of 
eleven hours light and thirteen hours darkness (11L:13D) which are the winter mean 
ambient temperature and light regime of Port Elizabeth respectively, where the 
tortoises used in the study came from. 
 26 
 
For summer RVO2 measurements, the experimental tortoises were acclimated to 
22°C and fourteen hours light and ten hours darkness (14L:10D) in an 
environmentally controlled room for at least a week prior to RVO2 measurements.  
These are the summer mean temperature and light regimes of Port Elizabeth.  The 
RVO2 of each tortoise was measured once at 14°C, 18°C and 22°C. 
 
The RVO2 of each tortoise was measured once at each experimental temperature.  
Each tortoise was given at least one week‟s rest before the RVO2 measurements in 
any other experiment.  The methods are discussed further in the relevant chapters. 
 
 
2.4 Data handling 
 
The oxygen percentage readings of the first two hours for all the RVO2 
measurements in this study were not used in the metabolic rate calculations 
(Coulson and Hernandez, 1980; McCue and Lillywhite, 2002; Litzgus and Hopkins, 
2003).  This was done to avoid variations in the resting metabolic rates due to the 
handling and commencement effects on the measurements. 
 
The resting metabolic rate of an organism is determined when the organism is 
resting, quiescent and in its post-absorptive state (Bennett and Dawson 1976), as 
activity (Hughes et al., 1971; Prange and Ackerman, 1974; Lutz, Bergey and Bergey, 
1989; Hailey and Loveridge, 1997) and the presence of food in the digestive tract 
(Hailey, 1998; Secor and Diamond, 1999) of chelonians increase their metabolic 
rates.  The increase in metabolic rate caused by activity has also been reported in 
other ectothermic animals, like snakes and lizards (Bartholomew and Tucker, 1963; 
Zaidan, 2003; Glazier, 2009).  Food digestion has been found to increase body 
temperature and metabolic rate in other ectotherms (e.g. Hailey and Davies, 1987; 
Houlihan, 1991; Beaupre, Dunham and Overall, 1993; Toledo, Abe and Andrade, 
2003; McCue, Bennett and Hicks, 2005).  The metabolic rate measured while 
tortoises are sleeping will be an underestimate of their resting metabolic rate. 
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To conform to the Bennett and Dawson (1976) definition of resting metabolic rate, 
the collected data of the oxygen percentage were standardized by discarding data 
where the tortoise was active (walking) or scratching, possibly in distress or where 
the sounds of movement were heard in cases where measurements were taken in 
the dark.  These active periods were characterized by a large increase in VO2 with a 
variable return time to prevalent values.  To consistently eliminate data which were 
high due to activity, values falling outside of the 95% confidence interval in the hour 
after the tortoise became active were discarded.  Data were also discarded if the 
experimental tortoise defaecated or urinated in the chamber.  The presence of 
faeces resulted in wrong metabolic rates due to oxygen depletion in the chamber 
while movement of the tortoise in the chamber resulted in an increase in the VO2 of 
the individual (Hailey and Loveridge, 1997; Hailey, 1998). 
 
The specific resting oxygen consumption (ml O2 kg
-1 hr-1) of each tortoise was 
calculated from the difference between the preset oxygen percentage (20.95%) and 
the recorded RVO2 data, the flow rate (200 ml min
-1) and the body mass of the 
experimental tortoise.  See Appendix A for the formula used (Brownlie and 
Loveridge, 1983). 
 
 
2.5 Data analysis 
 
Data were analyzed differently for the different components of the study and are 
discussed in the relevant chapters.  Statistical tests were considered significant 
where P < 0.05. 
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C h a p t e r  3  
THE DAILY OXYGEN CONSUMPTION RHYTHMS OF THE ADULT 
ANGULATE TORTOISE (CHERSINA ANGULATA) 
3.1 Introduction 
 
All organisms in their natural habitats, either animals or plants, experience changes 
in their environmental conditions.  These may be daily, annual or lunar changes in: 
rainfall, food availability, photoperiods and ambient temperatures.  Some 
physiological and behavioural parameters like oxygen consumption and locomotor 
activity have been reported to exhibit daily rhythmicity in many organisms (Purves, 
Sadava, Orians and Heller, 2000; Delvin and Kay, 2001; Johnson, 2001; Loros and 
Dunlap, 2001; Rutter, Reick and McKnight, 2002; Birchard, Nelson and Daugherty, 
2006). 
 
Some of these cyclic patterns persist in constant conditions in the laboratory and are 
said to be controlled by endogenous factors (Loros and Dunlap, 2001).  The 
circadian rhythms are said to facilitate the functioning of the organism, as well as to 
prepare the organism to physiologically adjust to the anticipated environmental 
changes (Cruz, Grimes, Ronchi and Cunha, 2008).  
 
Rhythmic behaviour has been extensively studied and reviewed by several authors 
(e.g. Bunning, 1973).  In tortoises, circadian rhythms have been reported in 
locomotor activity by Thines (1968) in Testudo hermanni, Cloudsley-Thompson 
(1970) in Testudo sulcata in Sudan, and Gourley (1972) in Gopherus polyphemus.  
Hutton, Boyer and Williams (1960) reported a possible circannual rhythm in the food 
intake and some blood contents concentration in Trachemys scripta elegans under 
constant environmental conditions. 
 
Circadian rhythms are of great importance to organism physiology since almost all 
measurable physiological quantities show a daily cycle (Bennett and Dawson, 1976).  
The circadian rhythms in metabolic rates have been studied in many species of 
amphibians (e.g. Hutchison and Kohl, 1971), tuatara, Sphenodon punctatus (e.g. 
Birchard et al., 2006), snakes (Dmi‟el, 1969; Gratz and Hutchison, 1977; 
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Waldshmidt, Jones and Porter, 1987; Blem and Killeen, 1993; Roe, Hopkins, 
Snodgrass and Congdon, 2004; Cruz et al., 2008), lizards (Jameson, Heusner and 
Arbogast, 1977; Cragg, 1978; Heusner and Jameson, 1981; Feder and Feder, 1981; 
Hughes, Fitzpatrick, Ferguson and Beitinger, 1982; Brownlie and Loveridge, 1983; 
Zari, 1999) and in a few chelonians (e.g. Hutchison and Kosh, 1964; Kirsch and 
Vivien-Roels, 1984). 
 
In metabolic studies conducted on chelonians (e.g. Hutton et al., 1960; Hughes, 
Gaymer, Moore and Woakes, 1971; Gatten, 1974; Kuchling, 1981; Herbert and 
Jackson, 1985; Hailey and Loveridge, 1997; Southwood, Darveau and Jones, 2003; 
Litzgus and Hopkins, 2003; Hochscheid, Bentivegna and Speakman 2004; Brown, 
Nagy and Morafka, 2005; Scantlebury and Minting, 2006; Clark, Gordos and 
Franklin, 2008), a few researchers have investigated the circadian rhythms of 
oxygen consumption (VO2) in turtles (e.g. Hutchison and Kosh, 1964; Prange and 
Ackerman, 1974; Hochscheid et al., 2004), as well as in tortoises (e.g. Kirsch and 
Vivien-Roels, 1984). 
 
In regard to reptile metabolic rate, circadian rhythms are reported to vary among the 
different species (Bennett and Dawson, 1976; Andrews and Pough, 1985).  
However, a few recent studies have addressed the possibility of temporal variation in 
the metabolism of reptiles, for example; lizards (Zari, 1996a, b, Roe et al., 2005; 
Hare, Pledger, Thompson, Miller and Daugherty, 2006) and snakes (Blem and 
Killeen, 1993; Zaidan, 2003; Cruz et al., 2008).  Blem and Killeen (1993) reported 
that there were only a few research papers on the standard metabolic rates of over 
40 species of snakes in the summary by Andrews and Pough (1985), that 
considered the time of day to be a significant source of variation. 
 
Knowing the daily oxygen consumption (VO2) pattern in adult C. angulata can give 
insight as to when to take metabolic measurements during the day by indicating the 
time period for peaks and troughs if any.  This is vital for determination of correct 
estimates of metabolic rate for comparison with information in literature.  The daily 
pattern in the VO2 in adult C. angulata can also help in the estimation of their daily 
energy budgets.  Furthermore, information on daily variations in the VO2 linked to 
activity in natural habitat is lacking in the tortoise literature.  Such variations have 
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been reported in other reptiles, for example lizards (Bennett and Dawson, 1976; 
Cragg, 1978; Feder and Feder, 1981; Brownlie and Loveridge, 1983; Zari, 1996b), 
as well as in snakes (Dmie‟l, 1969; Gratz and Hutchison, 1977). 
 
This chapter probes the following phenomena: 
i. The daily variations in the VO2 in adult Chersina angulata. 
ii. If a rhythm in the daily VO2 in C. angulata exists, is it endogenous or 
exogenous? 
iii. The possible effect of gender differences on the daily VO2 of the adult C. 
angulata. 
iv. The possible relationship of the daily VO2 patterns to daily activity patterns 
of adult C. angulata in their natural habitat. 
 
 
3.2 Materials and methods 
 
3.2.1 Study animals and site 
 
Four male and four female C. angulata of initial mass ranging from 615.00 to 787.95 
g and 467.80 to 750.66 g respectively were used in this study component.  The study 
site was described in Chapter 2. 
 
 
3.2.2 Oxygen consumption measurements 
 
The resting oxygen consumption (RVO2) of each tortoise was measured using an 
open flow-through respirometry, as described in Chapter 2 (Materials and methods, 
experimental design). 
 
 
3.2.3 Acclimation 
 
Eight adult tortoises were transferred from the outdoor enclosure where all the 
tortoises were held initially, into an environmentally controlled room (ECR) for 
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acclimation to experimental conditions.  The tortoises were maintained as described 
in materials and methods in Chapter 2.  The acclimation conditions used were 26°C 
and fourteen hours of light and ten hours of darkness (14L:10D).  This photoperiod 
corresponds to the summer light regime in Port Elizabeth while the 26°C is within the 
preferred ambient temperature range for activity of C. angulata (Branch, 1984; Els, 
1989; Ramsay, Hofmeyr and Joshua, 2002).  Light was automatically phased on 
over thirty minutes from 05h30 and out from 19h30, as described in Chapter 2 
(Materials and methods, maintenance). 
 
 
3.2.4 Procedure for measuring oxygen consumption 
 
The experimental tortoise was prepared as in Chapter 2 (Materials and methods, 
experimental procedure) prior to the resting oxygen consumption (RVO2) 
measurements.  Measurements were taken over 24 hours under a constant 
experimental temperature (Texp) of 26 ± 1°C and three different light regimes, 
namely: fourteen hours of light and ten hours of darkness (14L:10D), constant 
darkness (DD) and constant light (LL). 
 
All the measurements were started at 22h00 and behavioural observation and 
oxygen percentage readings were recorded every five minutes, from midnight to 
midnight the following day.  The tortoise was considered resting when it was quietly 
occupying the chamber.  Where measurements were taken in the dark, sounds of 
movement were noted rather than movement directly observed.  After the completion 
of measurements, the tortoise was weighed again and taken back to the ECR for 
acclimation to experimental conditions prior to measurements in the next light 
regime. 
 
For each light regime, eight tortoises of mixed sex were used.  However, the data 
obtained from the eighth tortoise at constant light (LL) were discarded due to a 
transient lapse in the power supply.  The acclimation conditions were kept the same 
(14L:10D and 26 ± 1°C) throughout this study component.  Each tortoise was only 
used once at each light regime and given at least a week before being used in the 
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next light regime.  The RVO2 measurements in this study were taken between 
January and March 2008 (summer). 
 
 
3.2.5 Data handling 
 
The data were treated as in Chapter 2 (Materials and methods, data handling). 
 
 
3.2.6 Data analysis 
 
The body mass of male and female tortoises used at each light regime were 
compared using analysis of variance (ANOVA).  Regression analyses were 
performed on the mean resting oxygen consumption (ml O2 hr
-1) and body mass (g) 
of individual tortoises at each of the three light regimes.  The mean specific resting 
oxygen consumption (sRVO2) of males and females were compared at different 
phases of the 14L:10D light regime, and at the whole day using Repeated measures 
analysis of variance (RMANOVA). 
 
RMANOVA was used to test for the effect of body mass of experimental tortoises 
between different light regimes, and the effect of gender on the specific resting 
oxygen consumption (sRVO2).  RMANOVA was used because the same tortoises 
were used at different light regimes. 
 
In order to examine the daily patterns of the oxygen consumption of C. angulata, 
sRVO2 was plotted against time of day at each light regime (Figures 3.1, 3.2 and 
3.3).  Mean hourly sRVO2 for tortoises at different light regimes were also calculated 
and plotted against time of day (Appendix B; Figures B 4 – B 6). 
 
The objective of the plots was to see if there were any inflexion points on the daily 
pattern.  Two inflexion points were evident at all light regimes with varying 
amplitudes size.  A third order polynomial curve was used to assist in the 
comparison of the amplitudes.  The significance of the polynomials was calculated 
from the R2 values. 
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RMANOVA was employed to compare the mean sRVO2 of tortoises at different light 
regimes and where post hoc testing was required Tukey‟s multiple comparison test 
was used (Zar, 1998).  The statistical significance was taken as P < 0.05.  Where 
data are reported with tolerances, the convention used is the mean ± SE. 
 
The relationship between sRVO2 of C. angulata under 14L:10D at 26 ± 1°C in the 
laboratory, and their activity in their natural habitat were established (activity data 
from Els, 1989).  This was accomplished by plotting both variables against the time 
of day on the same graph (Figure 3.5). 
 
 
3.3 Results 
 
3.3.1 Body mass 
 
There were no significant differences in the body mass between males and females 
at each light regime (at 14L:10D, P = 0.18; at DD, P = 0.08 and at LL, P = 0.42).  
Body mass had no significant effect on the resting oxygen consumption of C. 
angulata (14L:10D, P = 0.20; at DD, P = 0.40 and at LL, P = 0.47 (see Appendix B, 
Figures B 1 - B 3), so no further corrections were needed on the body mass of 
tortoises and specific resting oxygen consumption values were used in further 
analysis. 
 
While RMANOVA revealed a significant effect of light regime on the mean sRVO2 of 
the tortoises (F(2,530) = 8.55, P < 0.001), the effect of gender was not statistically 
significant (F(1,531) = 0.82, P = 0.36).  Data obtained from males and females were 
combined for further analyses. 
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3.3.2 The daily specific resting oxygen consumption rhythm of adult C. 
angulata under a condition of light and dark (14L:10D) 
 
All the tortoises exposed to the experimental 14L:10D light regime had pronounced 
daily rhythms in sRVO2 with a peak at the beginning of the light phase and a trough 
near the onset of the dark phase (Figure 3.1).  A third-order polynomial curve fitted to 
the combined data of all the tortoises (Figure 3.1) was statistically significant (n = 
1266, R2 = 0.43, P << 0.001). 
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Figure 3.1: The relationship of the specific resting oxygen consumption (sRVO2) and 
time of day for each of the eight tortoises exposed to light and dark (14L:10D) regime 
and experimental temperature (Texp) of 26°C over 24 hours on eight different days.  
Each symbol represents the sRVO2 data determined from each tortoise every five 
minutes.  The solid curve is the 3rd order polynomial fitted to the combined data. 
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Table 3.1: Comparison of the mean specific resting oxygen consumption (ml O2 kg
-1 
h-1) of male and female C. angulata at the light and the dark phases of the 14L:10D 
light regime, and at the whole day (light and dark phases together). 
 
Phase Males Females df P 
Light Phase  61. 52 ± 1.98 59.24 ± 1.63 527 0.37 
Dark phase  67. 43 ± 1.13 67.45 ± 0.71 273 0.99 
Whole day  62.26 ± 1.26  61.10 ± 0.96  893 0.46 
 
 
The tortoises used in this study component had higher specific resting oxygen 
consumption (ml O2 kg
-1 h-1) in the dark phase (67.44 ± 0.61 ) than in the light phase 
(60. 01 ± 1.27) of the 14L:10D light regime (df = 963, P<<0.001). 
 
 
3.3.3 The daily specific resting oxygen consumption rhythm of adult C. 
angulata under a condition of constant darkness (DD) 
 
The sRVO2 of all the tortoises exposed to constant darkness showed a peak 
between the early morning hours and noon, which then decreased as the day 
progressed (Figure 3.2).  A third-order polynomial curve fitted to the combined data 
(Figures 3.2) was significant (n = 1399, R2 = 0.14, P << 0.001). 
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Figure 3.2: The relationship of the specific resting oxygen consumption (sRVO2) and 
time of day for each of the eight tortoises exposed to DD and Texp of 26°C over 24 
hours on eight different days.  Each symbol represents the sRVO2 data determined 
from each tortoise every five minutes.  The solid curve is the 3rd order polynomial 
fitted to the combined data. 
 
 
3.3.4 The daily specific resting oxygen consumption rhythm of adult C. 
angulata under a condition of constant light (LL) 
 
The sRVO2 of tortoises exposed to constant light showed a peak in the early 
morning hours, between 05h00 and 09h00, and then dropped thereafter as the day 
progressed (Figure 3.3).  The third-order polynomial curve fitted to the combined 
data was significant (n = 1276, R2 = 0.03, P << 0.001). 
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Figure 3.3: The relationship of the specific resting oxygen consumption (sRVO2) and 
time of day for each of the seven tortoises exposed to LL and Texp of 26°C over 24 
hours on seven different days.  Each symbol represents the sRVO2 data determined 
from each tortoise every five minutes.  The solid curve is the 3rd order polynomial 
fitted to the combined data. 
 
 
3.3.5 Comparison of the specific resting oxygen consumption of adult C. 
angulata at three varying light regimes 
 
The mean sRVO2 of adult C. angulata at the three different light regimes were 
significantly different from each other (RMANOVA; (F(2,530) = 8.55, P < 0.001).  Tukey 
post hoc test showed that the mean daily sRVO2 at constant conditions were not 
significantly different from each other but were significantly different from that at 
14L:10D (DD = LL ≠ 14L:10D)  The mean sRVO2 of adult C. angulata at constant 
light was the highest (74.28 ± 0.59 ml O2 kg
-1 h-1), followed by that at constant 
darkness (69.19 ± 0.56 ml O2 kg
-1 h-1), and lowest at 14L:10D light regime (63.39 ± 
0.62 ml O2 kg
-1 h-1). 
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From Figure 3.4 below, the amplitudes of the polynomials of the daily pattern of the 
sRVO2 of adult C. angulata are largest at 14L:10D light regime, followed by those at 
constant darkness(DD) and lastly constant light (LL). 
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Figure 3.4: Three 3rd order polynomial curves showing daily patterns of the specific 
resting oxygen consumption of C. angulata at varying light regimes as per the 
legend. 
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3.3.6 Comparison of the daily patterns of the specific resting oxygen 
consumption of adult C. angulata at 26°C and light-dark regime in the 
laboratory, and their activity in the field 
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Figure 3.5: The relationship of the daily specific resting oxygen consumption 
(sRVO2) of C. angulata in an environmentally controlled room at 26 ± 1°C, and their 
activity patterns in the field (in the Eastern Cape) during summer season (activity 
data taken from Els, 1989). 
 
 
Both sRVO2 and activity of tortoises were high in the morning hours, though the 
peaks occurred at different times.  The sRVO2 peak occurred (07h00) about three 
hours before the activity peak at around 10h00.  No activity was recorded late in the 
afternoon.  The lowest values in the sRVO2 were also recorded late in the afternoon 
(Figure 3.5). 
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3.4 Discussion 
 
The results of the metabolic rate determinations conducted under light-dark 
(14L:10D) regime show the presence of a daily rhythm in the sRVO2 in adult C. 
angulata.  The highest values were reached in the early hours of the light phase 
between 06h00 and 10h00, and lowest values in the late afternoons, between 16h00 
and 19h00.  The increase in the sRVO2 seemed to be cued by light that enabled the 
tortoises to be active in the morning.  The decrease in the sRVO2 as the day 
progressed, together with the late evening depression, may be anticipatory of the 
nightfall, allowing the tortoises to conserve energy for use during the dark phase 
when food is not available. 
 
The phasing out of light also resulted in an increase in the sRVO2 of tortoises after 
the depression observed at the end of the light phase.  This is in agreement with the 
findings of Kirsch and Vivien-Roels (1984) who reported a diurnal rhythm in oxygen 
consumption in adult male Testudo hermanni Gmelin, with peak values during 
daytime hours at higher temperatures.  The acclimation light regime of their tortoises 
was not mentioned, but their maximum experimental temperature was 28°C. 
 
Even though Kirsch and Vivien-Roels (1984) reported a diurnal rhythm in the oxygen 
consumption in adult male Testudo hermanni g., no further experiments were 
conducted to determine whether the rhythms were endogenous or exogenous.  The 
study of the daily variations in the oxygen consumption in chelonians is limited.  
Hochsheid et al., (2004) reported no circadian rhythm in oxygen consumption in the 
loggerhead sea turtles Caretta caretta. 
 
The existence of a daily variation in the oxygen consumption of adult Chersina 
angulata in this study and Testudo hermanni (Kirsch and Vivien-Roels, 1984) 
suggests the possibility of temporal oxygen consumption variation in other tortoises 
also.  The variations in the oxygen consumption rhythms, as well as their absence in 
some tortoises studied so far, show the importance of identifying the variation for 
each species prior to tackling any metabolic studies and also the importance of 
reporting the time of day at which measurements were taken. 
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The significantly higher mean sRVO2 of C. angulata during the dark phase compared 
with during the light phase of the 14L:10D light regime may explain the importance of 
the trough observed during the light phase.  The late evening depression that follows 
the early morning peak of sRVO2 may be a way of conserving energy during the 
inactive phase of the day, as has been speculated by other researchers on other 
reptiles (Bennett and Dawson, 1976; Kirsch and Vivien-Roels, 1984; Hochsheid et 
al., 2004; Hare et al., 2006).  A significantly higher resting metabolic rate has been 
reported on the nocturnal gecko (Hemidactylus turcicus) at night than during the day 
(Zari, 1996b). 
 
The daily fluctuations in the VO2 have been reported in other reptiles, like lizards 
(Bennett and Dawson, 1976; Cragg, 1978; Feder and Feder, 1981; Brownlie and 
Loveridge, 1983; Blem and Blem, 1990; Hare et al., 2006; Milsom et al., 2008), 
geckos (Zari, 1996b), tuatara (Birchard et al., 2006) and snakes (McCue and 
Lillywhite, 2002; Zaidan, 2003; Roe et al., 2004; Cruz et al., 2008).  However, the 
peaks of the VO2 have been found to differ in their times of appearance and duration 
depending on the species, the temperature and the photoperiodic conditions to 
which the animals are exposed. 
 
The daily variations in the sRVO2 in the adult C. angulata seem to correspond 
imperfectly to the tortoises‟ activity patterns in their natural habitat.  Els (1989) 
studied the activity patterns of the C. angulata in Sardinia Downs, a farm situated 12 
km west of Port Elizabeth, with a mean monthly temperature varying from 14.2 to 
22.5°C.  The author reported that the tortoises were active between 06h00 and 
18h00, with most activities taking place in the middle of the day, and ceasing 
between 16h00 and 17h00.  In this study, the peak sRVO2 occurs about three hours 
prior to the peak in activity and the trough occurs about three hours after the 
cessation of activity (Figure 3.5).  The correlation of diel rhythms in oxygen 
consumption with daily activity in nocturnal geckos (Hemidactylus turcicus) has been 
reported by Zari (1996b). 
 
The midday peak of activity may represent a period of foraging.  Alternatively, this 
may represent a period of behavioural thermoregulation during the warmest period of 
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the day.  Branch (1998) reported that C. angulata are active during the early 
morning, and retreat to cover when the temperature gets too high.  The peak of the 
specific resting oxygen consumption rhythm in this study may be attributed to 
changes in other physiological processes or the state of alertness of the tortoises 
(Feder and Feder, 1981), rather than their activity levels, since data where the 
tortoises were found to be active were not used in the calculation of their metabolic 
rates. 
 
To detect the possible existence of an endogenous rhythm in the specific resting 
oxygen consumption of adult C. angulata, metabolic rate determinations were 
conducted under conditions of constant darkness and constant light.  The data 
varied much less in constant light than in constant darkness, thus resulting in smaller 
daily amplitudes in the fitted polynomials.  Except for this difference, both curves 
show the same pattern.  The maintenance of the rhythmic cycle in constant light and 
constant darkness provides evidence for the existence of an endogenous circadian 
rhythm in the sRVO2 of adult C. angulata. 
 
The mean sRVO2 of the tortoises under the three light regimes varied significantly.  
The highest mean was at LL followed by DD and lastly 14L:10D.  The variation was 
reflected in the amplitudes of the curves.  The amplitude decreased from the 
14L:10D regime to constant darkness and finally to constant light.  This may imply 
that even though a circadian rhythm exists, there is an exogenous override which 
results in a diminished expression of the rhythm.  Smaller amplitude in the daily 
oxygen consumption rhythms in constant light compared with constant darkness 
have also been reported by Dmi‟el (1969) in snake embryos. 
 
The work done by Kirsch and Vivien-Roels (1984) demonstrated an increase in the 
amplitudes of the daily VO2 of Testudo hermanni with increasing temperature.  In this 
study, the daily sRVO2 amplitudes were influenced by photoperiod rather than 
temperature since experimental temperature was kept constant and equal to 
acclimation temperature (Figure 3.4).  The larger the amplitudes, the more the 
energy conserved.  The mean daily sRVO2 increased with decreasing amplitude 
size. 
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There was no significant difference in the daily sRVO2 of male and female tortoises 
at 14L:10D (Table 3.1)  Differences were expected due to morphological and activity 
differences in male and female C. angulata.  Van Den Berg and Baard (1994) 
reported that males are statistically significantly larger in volume than females in the 
C. angulata of the eastern Cape. 
 
Els (1988) reported bigger home ranges for male than for female C. angulata in the 
eastern Cape.  Ramsay et al. (2002) reported significantly higher levels of activity in 
males over female C. angulata in summer and spring on Dassan Island.  A definitive 
discussion or conclusion on the effect of gender on the sRVO2 cannot be made from 
the results obtained from this component of the study, due to the small sample size 
of males and females.  The effects of gender and mass on the metabolic rate of C. 
angulata in the eastern Cape are to be investigated in the following chapters with 
bigger sample sizes but for shorter duration. 
 
From the results obtained in this study and other studies on reptiles (for example 
Mautz and Case, 1974; Jameson et al., 1977; Gratz and Hutchison, 1977; Cragg, 
1978; Kirsch and Vivien-Roels, 1984), we strongly concur with the comments by 
Zaidan (2003), Roe et al. (2004) and Birchard et al. (2006) on the importance of 
reporting the time of day at which the measurements of metabolism in reptiles are 
carried out. 
 
 
3.5 Conclusions 
 
During the light-dark regime, the sRVO2 of adult C. angulata has a peak in the early 
hours of the light phase, and drastically decreases as the day progresses.  The 
results establish the existence of a daily rhythm of sRVO2, with a peak in the early 
hours and a trough in the late hours of the light phase of the light-dark-light regime.  
Constant light and constant darkness have significant but less pronounced effects on 
the daily sRVO2 of adult C. angulata. 
 
Variations in the sRVO2 were less conspicuous in the constant light than they were in 
constant darkness.  The persistence of the rhythmic pattern in constant conditions 
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suggests the existence of an endogenous circadian rhythm in the sRVO2 of adult C. 
angulata. 
 
Temporal variations in metabolism can result in wrong metabolic estimates; therefore 
it is important to report the time of day of measurements of metabolic rates in 
tortoises. 
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C h a p t e r  4  
THE METABOLIC RESPONSES OF ADULT ANGULATE TORTOISES 
(CHERSINA ANGULATA) TO VARYING AMBIENT TEMPERATURES 
4.1 Introduction 
 
Temperature influences many physiological processes that are vital to an organism‟s 
life (Angilletta, Niewiarowski and Navas 2002; Litzgus and Hopkins, 2003).  Since 
animals in their natural habitats are subjected to varying environmental 
temperatures, they should be able to thermoregulate effectively in order to cope 
since extreme temperatures can result in death. 
 
According to Bennett and Dawson (1976) and Angilletta et al. (2002), reptiles are 
ectotherms and are dependent on the environment for the heat necessary for their 
physiological and behavioural characteristics.  The oxygen consumption of reptiles is 
generally known to rise with an increase in temperature (Dawson and Bartholomew, 
1956; Templeton, 1970, Gatten, 1974; Bennett and Dawson, 1976; Beaupre, 
Dunham and Overall, 1993; Karasov and Anderson, 1998; McNab, 2002).  However, 
there is some controversy around the complete dependence of reptiles on the 
external heat source for their functional capabilities.  In some reptiles, the pattern of 
the metabolic rate-temperature curves varies between species or even populations.  
The relationship deviates from a direct relationship by having plateaus with low Q10 
values at some temperature ranges (Buikema and Armitage, 1969; Jacobson and 
Whitford, 1970, 1971; Aleksiuk, 1971; Seidel and Lindeborg, 1973; Gatten, 1974; 
Abe and Mendes, 1980; Patterson and Davies, 1989; Beaupre et al., 1993; Cartland 
and Grimmond, 1994; Al-Sadoon, 1991, 1999; Zaidan, 2003).  This could be an 
indication of temperature insensitivity of metabolic rates in those temperature 
ranges.  Some reptiles, for example the brooding python, can generate heat through 
muscular activity (Boycott and Bourquin, 2000). 
 
Since the studies of Baldwin (1925), the temperature regulation of reptiles has been 
widely investigated (for example Sturbaum, 1982; Meek and Avery, 1988).  Reptiles 
thermoregulate mostly by behavioural means and by physiological means to some 
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degree (for example Hutchison and Maness, 1979; Tattersall, Cadena and Skinner, 
2006).  They thermoregulate physiologically by changing their heart rate and 
conductance to control heating and cooling rates (Bartholomew and Lasiewski, 1965; 
Kour and Hutchison, 1970), jugular shunts to produce head–body temperature 
differences (Heath, 1970), and panting (Dawson and Templeton, 1963).  The 
physiological heat regulation of reptiles has been mostly studied on lizards and 
snakes (Andrews and Pough, 1985) rather than on chelonians. 
 
Studies have shown that, like other reptiles, chelonians thermoregulate by a 
combination of behavioural and physiological means at their preferred temperature 
levels (Hailey and Coulson 1996a, b; Luiselli, Politano and Angelici, 2000; Luiselli, 
2005).  Behavioural thermoregulation has been widely investigated in turtles (for 
example by Crawford, Spotila and Standora, 1983) and tortoises (McGinnis and 
Voigt, 1971; Lambert, 1981; Perrin and Campbell, 1981; Meek and Jayes, 1982; 
Hailey, Pulford and Stubbs 1984; Meek, 1984, 1988; Meek and Avery, 1988; Els, 
1989; Zimmerman, O‟Connor, Bulova, Spotila, Kemp and Seale, 1994; Bailey, 
Schwalbe and Lowe, 1995; Rautenstrauch, Roger and Rakestraw, 1998; 
Rautenstrauch, Rakestraw, Brown, Boone and Lederle, 2002; McMaster and Downs, 
2006). 
 
Unlike other reptiles, chelonians have their bodies contained in domed shells which 
are good insulators (McGinnis and Voigt, 1971).  The hemispherical shell creates a 
smaller surface area to volume ratio in relation to other reptiles of the same mass, for 
example lizards.  This can retard their cooling rates in hot weather especially in 
larger tortoises (Swingerland and Frazier, 1980).  Spotila and Standora (1985) 
reported that behavioural thermoregulation benefits turtles but reduces their foraging 
time, as well as increase their metabolic demands and their exposure to predators. 
 
Most of the work done on the physiological thermoregulation of tortoises has focused 
on their individual capacities to control thermal conductance in the form of their 
heating and cooling rates and on their cardiovascular and body temperature 
adjustments to varying ambient temperatures (Weathers and White, 1971; McGinnis 
and Voigt, 1971; Riedesel, Cloudsley-Thompson and Cloudsley-Thompson 1971; 
Bethea, 1972; Spray and May, 1972; Craig, 1973; Voigt, 1975; Judd and Francis, 
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1977; Perrin and Campbell, 1981, Els, Erasmus and Winter, 1988).  According to 
Zaidan (2003), measurement of metabolism can help in the identification of potential 
energetic constraints on individuals and can explain the ecological and evolutionary 
patterns on a large scale. 
 
Several studies have, however, been conducted on chelonian metabolism globally, 
for example on turtles (Hutton, Boyer and Williams, 1960; Gatten, 1974, 1987; 
Prange, 1976; Herbert and Jackson, 1985; Paladino, Connor and Spotila, 1990; 
Lutcavage, Busnell and Jones, 1991; Henen, Peterson, Wallis, Berry and Nagy, 
1998; Steyermark, 2002; Southwood, Darveau and Jones, 2003; Litzgus and 
Hopkins, 2003; Hochscheid, Bentivegna and Speakman, 2004; Clark, Gordos and 
Franklin, 2008; Roe, Georges and Green, 2008), the wood turtle (Dubois, Blouin-
Demers and Thomas, 2008) and tortoises (Hughes, Gaymer, Moore and Woakes, 
1971; Neagle and Bradley, 1974; Kuchling, 1981; Kirsch and Vivien-Roels, 1984; 
Brown, Nagy and Morafka, 2005). 
 
Despite the great diversity of tortoises in southern Africa (Boycott and Borquin, 2000) 
and the wide temperature fluctuations in some areas, for example the Nama-Karoo 
in South Africa (McMaster and Downs, 2006), only a few studies on metabolic 
responses to ambient temperature have been conducted on tortoises from the region 
(Wood, Lykkeboe, Johansen, Weber and Maloiy, 1978; Hailey and Loveridge 1997; 
Hailey, 1998; Scantlebury and Minting, 2006).  Most of these studies did not cover a 
broad range of experimental temperatures.  The larger experimental temperature 
range with short intervals can give a better insight into the metabolic response to 
changes in ambient temperature and enable detection of temperature insensitivity 
zone if one exists for a particular species. 
 
The wide temperature fluctuations in some areas in southern Africa, for example the 
Nama-Karoo in South Africa (McMaster and Downs, 2006), may put those animals 
that cannot adapt effectively to rapid climate change in danger.  High temperatures 
have been reported to be more hazardous to some tortoise species than cooler 
temperatures (Swingerland and Frazier, 1980; Meek, 1984; Peterson, 1994).  
Temperatures that are higher than average have been found to decrease the activity 
of tortoises (Hailey and Coulson, 1996a).  This ultimately leads to a lower 
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reproductive output due to reduced food consumption (Henen, Peterson, Wallis,. 
Berry and Nagy, 1998) and increased mortality (Peterson, 1994).  Lower than 
preferred temperatures are also known to reduce metabolic rates and the activity of 
tortoises (Hailey and Loveridge, 1997). 
 
Chersina angulata occur along the Cape coastal regions of South Africa and in the 
southern part of Namibia.  The tortoises experience a wide variation in climate and 
vegetation across this range, for example Mediterranean climate in the Western 
Cape and a temperate climate in the Eastern Cape.  By understanding the metabolic 
responses of adult C. angulata to varying ambient temperatures, it may be possible 
to better understand how they cope in these varying environments.  The species-
specific metabolic relationships of these tortoises can also be used for comparative 
studies, which may cast light on their physiological adaptation (Zaidan, 2003; Litzgus 
and Hopkins, 2003). 
 
From the study on the heating and cooling rates of Chersina angulata by Craig 
(1973), Perrin and Campbell (1981) and Els et al. (1988), a change in the slope of a 
plot of temperature on time was noticed at a cloacal temperature range of 27 - 32°C, 
which according to Craig (1973) suggested the existence of a physiological 
thermoregulation mechanism.  From the studies of the effects of the cooling and 
heating rates on the heart rate of C. angulata, Els et al. (1988) concluded that the 
cardiovascular system played a role in the physiological thermoregulation of C. 
angulata and that further research needed to be done to better understand the 
thermoregulation of C. angulata.  The report that C. angulata raise their body 
temperature by 20% above ambient temperature in the field (Boycott and Bourquin, 
2000) may add to the suggestion of the existence of a mechanism of 
thermoregulation since endotherms are characterized by high body temperatures.  
However, this is controversial because on comparing this with beer can experiment 
(Heath, 1964); it will be concluded that inanimate objects are capable of 
thermoregulation. 
 
If physiological thermoregulation occurs in Chersina angulata, there may be a 
possibility of the ambient temperature range at which the metabolic rate of the 
tortoises is not affected by ambient temperature.  The range is common in 
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endotherms (mammals and birds) and is known as a thermal neutral zone (TNZ) 
(Schmidt-Nielson 1997).  The current study was undertaken to investigate the rates 
of the resting oxygen consumption of adult C. angulata at varying ambient 
temperatures and the possible existence of a metabolic rate temperature insensitive 
zone (MRTIZ). 
 
 
4.2  Materials and methods 
 
4.2.1 Study animal and site 
 
Seventeen adult tortoises, 8 females (mass range 358 to 765.55 g, plastron length 
130 to 169 mm) and 9 males (mass range 360.02 to 867.81 g, plastron length 146 to 
213 mm) were used in this study.  Twelve of the tortoises used were collected from 
the Sardinia Conservancy and five were collected from a privately owned land.  Both 
areas are in the Port Elizabeth area (33° 58‟ S, 25° 42‟ E) in the Eastern Cape 
Province of South Africa (see Chapter 1, study animals and study site).  The identity 
numbers, sex, mass range and morphometric characteristics of the tortoises 
measured at the initiation of the study are shown in (Appendix A, Table A 1). 
 
 
4.2.2 Set-up for measuring oxygen consumption 
 
The resting metabolic rates of adult Chersina angulata were determined indirectly as 
rates of resting oxygen consumption at eight experimental temperatures.  The 
oxygen consumption (VO2) of each tortoise was measured using an open flow 
through respirometry, as described in materials and methods in Chapter 2. 
 
 
4.2.3 Acclimation 
 
The tortoises were transferred from the outdoor enclosure where they were initially 
kept, into an environmentally controlled room for acclimation to experimental 
 60 
conditions for a period of at least one week.  They were maintained as described in 
materials and methods in Chapter 2. 
 
The environmentally controlled room was set at a temperature of 22 ± 1°C and a 
photoperiod of 14L:10D for acclimation.  These are mean summer temperature and 
photoperiod for Port Elizabeth respectively (Port Elizabeth Weather Bureau).  Light 
was provided by the fluorescent lamps on the ceiling which were phased on 
automatically at 05h30, and off at 19h30.  Full light or full darkness was phased in 
over 30 minutes to simulate sunrise and sunset respectively. 
 
 
4.2.4 Oxygen consumption measurement 
 
After acclimation and familiarization of tortoises to experimental conditions and 
equipment (see Chapter 2), the experiments were conducted.  All the experiments 
were conducted over a period of six hours, starting from 08h30 to 14h30, to avoid a 
possible circadian variation in the oxygen consumption of the tortoises (Kirsch and 
Vivien-Roels, 1984; Setlalekgomo, Winter and Els, in prep).  The data for the first 
two hours of each experiment were discarded to avoid any variations in metabolic 
rate from the commencement of the experiment due to possible stress.  The 
experimental temperatures used were 14°C, 18°C, 22°C, 26°C, 30°C, 35°C and 40°C. 
 
The oxygen consumption of each tortoise was measured once at each experimental 
temperature.  Extra experiments were conducted on three male and three female 
tortoises at an experimental temperature of 38°C in an attempt to ascertain the 
extent of a possible MRTIZ.  After the experiments, the tortoises were taken to the 
outdoor enclosure to have their natural habitat food and sunlight. 
 
 
4.2.5 Data handling 
 
The data were treated as in Chapter 2 (Materials and methods, data handling). 
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4.2.6 Data analysis 
 
Repeated measures analysis of variance (RMANOVA) was used to compare body 
mass between males and females at each experimental temperature and also to 
compare body mass of tortoises between experimental temperatures using Statistica 
Version 8.  RMANOVA was used because the same animals were used at different 
experimental temperatures.  Each tortoise was used at all experimental 
temperatures, but only once per temperature in order to avoid pseudo replication. 
 
The specific resting oxygen consumption (sRVO2) of tortoises was plotted against 
time of day at each experimental temperature to see if the relationship was trended.  
Regression lines were fitted to the data by the least squares method.  Comparisons 
of the regression lines were made using analysis of covariance (ANCOVA) (Zar, 
1998). 
 
The mean sRVO2 (ml O2 kg
-1hr-1) of each individual tortoise at each experimental 
temperature was established.  RMANOVA was used to determine the effects of 
gender and experimental temperature on the mean sRVO2 of the tortoises.  Tukey 
post hoc testing was performed where necessary.  The Q10 values were calculated. 
Statistical significance was assumed at P < 0.05. 
 
 
4.3 Results 
 
4.3.1 Body mass 
 
All the tortoises used in this study were adults (mass >300 g, Branch, 1984).  There 
was no significant difference in the body mass of males and females at all 
experimental temperatures (P >0.05).  There was no significant difference in the 
body mass of tortoises used between experimental temperatures (F (1,7) = 5.39, P = 
0.61). 
 
 
 62 
4.3.2 The relationship of the specific resting oxygen consumption of C. 
angulata and time of day 
 
The plots of the relationship of the specific resting oxygen consumption (sRVO2) and 
time of day for tortoises at different experimental temperatures (14 - 40°C) are 
shown in Figures C 1 to C 8 in Appendix C.  The regression lines of the combined 
data at each temperature are shown in Figure 4.1. 
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Figure 4.1: The regression lines of the combined specific resting oxygen 
consumption (sRVO2) data of adult C. angulata and time of day at different 
experimental temperatures (14 - 40°C) as per the legend. 
 
 
The relationship between sRVO2 and time of day was described by the equation:  
sRVO2 = bx + a, where sRVO2 is the specific resting oxygen consumption, b is the 
regression slope and a is the regression y-intercept.  The values of a and b together 
with the P and R2 values are shown in Table 4.1.  The regression slopes at different 
experimental temperatures could not be statistically compared because not all the 
regressions were significant. 
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Table 4.1: Regression statistics for the specific resting oxygen consumption (sRVO2) 
(ml O2 kg
-1 hr-1) of C. angulata as a function of time of day measured at different 
temperatures (14 - 40°C).  The starred P-value shows no significant slope. 
 
Temperature(°C) n P R² b a 
14 183 <0.001 0.35 -76.82 61.80 
18 280 0.11* 0.01 -22.17 48.82 
22 248 0.26* 0.01 34.80 67.79 
26 241 0.11* 0.01 43.24 98.54 
30 197 0.34* 0.00 35.22 88.11 
35 396 <0.001 0.11 107.92 79.81 
38 229 <0.001 0.44 370.39 -53.30 
40 374 <0.001 0.34 549.49 -53.19 
 
 
The regression slopes of the sRVO2 of individual tortoises with the time of day at 
14°C were all significant (P < 0.05) and significantly different from each other 
(ANCOVA, F (6, 194) = 2.15, P < 0.001).  The regression slopes for individual tortoises 
at other experimental temperatures (18 - 40°C) were not all significant, so they could 
not be compared. 
 
The regression slopes at different experimental temperatures could not be 
statistically compared because not all regressions were significant.  However, the 
slopes were found to increase with increasing temperatures, except between 26°C 
and 30°C, where there was a slight decrease (Table 4.1). 
 
In general, temperature positively affected sRVO2 of adult Chersina angulata. 
However, at 30°C the pattern did not hold.  The sRVO2 was significantly dependent 
on the time of day at some experimental temperatures, but not at others.  A 
significant decrease in the sRVO2 with time of day was observed at 14°C, no 
significant relationship at 18 - 30°C, and a significant increase at 35 - 40°C (Table 
4.1). 
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4.3.3 The relationship of the specific resting oxygen consumption and 
experimental temperature for male and female Chersina angulata 
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Figure 4.2: The relationship of the specific resting oxygen consumption (sRVO2) of 
male and female C. angulata and experimental temperature as per the legend.  The 
vertical bars are standard deviations. 
 
 
The relationship of the sRVO2 and experimental temperatures (14 - 40°C) for male 
and female C. angulata separately are shown in Figure 4.2.  The mean sRVO2 at 
each experimental temperature was calculated from the sRVO2 of all the tortoises of 
each sex used at each experimental temperature.  For both male and female C. 
angulata, the mean sRVO2 increased with temperature, but not constantly over the 
range of temperatures tested.  Three different phases were observed on each curve 
(Figure 4.2). 
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4.3.4 The specific resting oxygen consumption of male and female Chersina 
angulata combined 
 
There was no significant effect of gender (F(1,77) = 0.79, P = 0.38) on the sRVO2 of C. 
angulata.  However, there was a statistically significant effect of experimental 
temperature (F(7,77) = 25.86, P < 0.001) on the sRVO2 of C. angulata in the 
population sampled.  Since gender did not influence sRVO2 significantly, the data 
were combined for further analysis.  The relationship between the sRVO2 and 
experimental temperature (14 - 40°C) for the adult C. angulata combined are shown 
in Figure 4.3.  Each mean sRVO2 at each experimental temperature was calculated 
from the sRVO2 of all the tortoises used at each experimental temperature. 
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Figure 4.3: The relationship of the specific resting oxygen consumption (sRVO2) and 
experimental temperature in adult Chersina angulata.  Ten to thirteen tortoises were 
used at all the experimental temperatures, except at 38°C, where only six tortoises 
were used.  The vertical bars are standard deviations. 
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The sRVO2 increased with temperature, but not constantly over the range of 
temperatures tested (Figure 4.3).  The comparison of mean sRVO2 at different 
experimental temperatures returned a significant difference between the mean 
sRVO2 (F(7,83) = 73.22, P < 0.001).  A post-hoc Tukey test (Table 4.2) showed that 
some means of sRVO2 were significantly different from others.  The mean at 14°C 
was significantly different from the means at all other experimental temperatures (P < 
0.001) except at 18°C (P = 0.85).  The mean at 22°C was significantly different from 
the means at all experimental temperatures, except at 26°C and 30°C.  The means 
at 26 - 38°C were not significantly different from each other, while the mean at 40°C 
was significantly different from the means at all other experimental temperatures. 
 
 
Table 4.2: The results of the post-hoc Tukey testing for the mean specific resting 
oxygen consumption (sRVO2) of adult C. angulata at different experimental 
temperatures (14 – 40°C).  = symbolizes a non-significant difference between the 
compared means, while an empty unshaded space symbolizes a significant 
difference between the compared means. 
 
Texp (°C) 14 18 22 26 30 35 38 40 
14  =       
18 =        
22    = =    
26   =  = = =  
30   = =  = =  
35    = =  =  
38    = = =   
40         
 
 
The relationship of the mean sRVO2 of C. angulata and experimental temperature 
(Figure 4.3) shows three different stages at three temperature ranges; (i) 14 - 26°C, 
(ii) 26 - 38°C and (iii) 38 - 40°C).  The graph was redrawn to show the stages clearly 
(Figure 4.4). 
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Figure 4.4: The three stages in the relationship of the mean specific resting oxygen 
consumption (sRVO2) of adult C. angulata and experimental temperature.  The 
empty circles represent the mean sRVO2 obtained from tortoises every 5 minutes 
over 4 hours at each experimental temperature.  The vertical bars are the standard 
deviations. 
 
 
Regression lines were fitted to the data at each range.  Regression slope was 
statistically significant at stage (i) (P = 0.02) and not significant at stage (ii) (P = 
0.17).  The significance of the slope at stage (iii) could not be tested because there 
were only two means to be used.  The Q10 values obtained at the stages (i), (ii) and 
(iii) were different; 4.13, 1.13 and 9.04 respectively. 
 
There was no significant difference in the metabolic rates within the temperature 
range 26 - 38°C, so the range rate was considered a MRTIZ of C. angulata.  Below 
the zone, metabolic rates decreased with decreasing experimental temperature, the 
relationship between specific resting oxygen consumption and experimental 
temperature can be described by the equation sRVO2 = 8.70(ml O2 kg
-1 hr-1) - 
107.3(°C), (P = 0.02, R2 = 0.96) (Figure 4.4).  Above 38°C metabolic rate increased 
markedly with ambient temperature. 
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4.3.5 Temperature coefficients (Q10 values) of the specific resting oxygen 
consumption of adult C. angulata  
 
The Q10 values for the mean sRVO2 of Chersina angulata change over the 
temperature range 14 - 40°C are shown in Table 4.3 below.  The values were close 
to 1 at 26 - 38°C and highest at 38 - 40°C. 
 
 
Table 4.3: The thermal dependence of the specific resting oxygen consumption 
(sRVO2) of adult C. angulata at varying experimental temperatures (14 - 40°C) 
expressed as Q10 values. 
 
Temperature 
range (°C) 
Q10 value 
14 – 18 3.44 
18 – 22 8.95 
22 – 26 2.28 
26 – 30 0.83 
30 – 35 1.44 
35 – 38 1.13 
35 – 40 2.59 
38 – 40 9.04 
14 – 40 (overall) 2.41 
 
 
4.4 Discussion 
 
The metabolic rates of ectotherms are generally known to increase with increasing 
temperature (Templeton, 1970; Gatten, 1974; Bennett and Dawson, 1976).  The 
specific resting oxygen consumption (sRVO2) of C. angulata increased with 
experimental temperature, but not constantly over the range of temperatures tested. 
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The sRVO2 of tortoises was significantly related to time of day at temperatures 14°C 
and 35 - 40°C, and was statistically independent of time of day over a temperature 
range of 18 - 30°C from 10h30 to 14h30 (Table 4.1).  Although the slopes of the 
regression lines were not statistically significant at all experimental temperatures, the 
slopes increased with increasing temperature, except at 30°C where there was a 
decline.  The non-significance of slopes at 18 - 30°C may be an indication of 
temperature insensitivity of sRVO2 of tortoises at this range. 
 
From Figures C 1 - C 8 in Appendix C; at lower (14°C) and higher (35 - 40°C) 
experimental temperatures, the individual tortoises had nearly similar patterns for the 
relationship of sRVO2 and time of day, though not of common regression slopes.  At 
14°C, the sRVO2 of individual tortoises was influenced by coldness.  This was 
supported by observation of their behaviour.  The tortoises were quiescent most of 
the time, with their heads and limbs retracted.  At 38 - 40°C the tortoises seemed 
stressed by the high temperatures, as their activity was significantly reduced and 
they were lying down with their heads and limbs extended most of the time, possibly 
behaviourally thermoregulating, dissipating heat. 
 
There was much variation in the pattern of the relationship of sRVO2 and time of day 
for individual tortoises at the middle temperature range (18 - 30°C).  It could be 
speculated that the sRVO2 of individual tortoises was less sensitive to experimental 
temperature and time of day at this range and so they were more influenced by other 
factors, for example mass.  The 18 - 30°C temperature range may represent the 
preferred activity temperature range for adult C. angulata. 
 
From the study on the heating and cooling rates of C. angulata, Craig (1973), and 
Perrin and Campbell (1981) reported an inflection in the heating curve at body 
temperatures of 27 - 32°C.  Branch et al. (1984) reported that the preferred active 
body temperature for C. angulata is 28 - 32°C, while Els et al. (1988) reported that 
during heating experiments, the tortoises became active at a body temperature of 
approximately 29 - 32°C.  In this study, the body temperature of the tortoises was not 
measured due to lack of appropriate non-invasive instrumentation. 
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The variation in the sRVO2 of tortoises at varying experimental temperatures 
(Figures 4.2 - 4.4) may be an indication that the functioning of the metabolic 
enzymes of the tortoises is directly affected by temperature.  Temperature seems to 
have the same influence on the sRVO2 of male and female C. angulata at low 
temperatures, 14 - 22°C (Figure 4.2).  However, at higher temperatures (26 - 40°C), 
females had a slightly higher sRVO2 than males (Figure 4.2) though not statistically 
significant.  This cannot be attributed to males having less volume than the females 
due to plastron concavity. 
 
The slight sexual disparity in C. angulata was also detected on the three stages in 
their metabolic rate-temperature curves.  The females had a shorter plateau (26 - 
35°C) than the males (26 - 38°C) (Figure 4.2).  One will expect the broader plateau 
in the upper temperatures to render males an advantage over females to forage in 
their natural habitat even at slightly higher temperatures.  However, from the study 
on the sexual disparity in activity patterns of C. angulata on Dassen Island, Keswick 
et al. (2006) reported that females were out of cover and active at higher 
temperatures than males.  On the other hand, the authors reported that males (2.57 
± 1.12 hr) spent a longer period in the open than females (1.58 ± 1.44 hr). 
 
From Figure 4.3, where combined data were used, the sRVO2 of Chersina angulata 
increased with experimental temperature, but not constantly over the range of 
temperatures tested.  The values of the sRVO2 of C. angulata are slightly higher than 
those of Testudo hermanni (Kirsch and Vivien-Roels, 1984), Kinixys spekii (Hailey 
and Loveridge, 1997) and Malacochersus tornieri (Wood et al., 1978).  The 
differences may be attributed to interspecific differences among tortoises or to the 
effects of thermal acclimation. 
 
The Q10 values were calculated between successive experimental temperatures and 
were found to vary (Table 4.3).  The Q10 values above 1 show functional 
dependence on temperature, while those below 1 show temperature independence 
(Bennett and Dawson, 1976; Schmidt Nielsen, 1997).  High Q10 values were 
recorded at low temperatures (14 - 26°C), showing high temperature dependence.  
Between 26°C and 38°C the values were close to 1, (Table 4.3). Therefore, the 
sRVO2 values of adult C. angulata were less sensitive to temperature at this range.  
 71 
The highest value recorded was between 38°C and 40°C, which may be due to the 
tortoises getting stressed by high temperatures.  The overall Q10 value was 2.4.  This 
is lower than the 3.10 calculated for Kinixys spekii of average mass 695 g over an 
experimental temperature range of 10 - 35°C (Hailey and Loveridge, 1997). 
 
Three distinct stages in the sRVO2 of Chersina angulata are evident at the 
temperature ranges (i) 14 - 26°C, (ii) 26 - 38°C and (iii) 38 - 40°C.  The sRVO2 tends 
to increase with increasing experimental temperature at stages (i) and (iii), but to be 
more flattened at the temperature range of 26 - 38°C.  The Q10 values calculated 
from the three stages vary; 4.13, 1.13 and 9.04 for stages (i), (ii) and (iii), 
respectively. 
 
A metabolic depression was indicated by a steep decrease in the sRVO2 of adult 
Chersina angulata, with high Q10 values at lower temperature range than those 
obtained in the middle warmer temperature range.  The higher Q10 value at the lower 
temperature range (14 - 26°C) may be a way in which C. angulata conserve energy 
in their natural habitat when in their forms/shelters at night.  C. angulata was found to 
be active at ambient temperatures greater than 17°C, with the lowest temperature at 
which an animal was active being 14.1°C in their natural habitat (Els, 1989).  Els 
(1989) reported that most of the shelter exits of C. angulata open in an arc between 
North and East; and speculated that this was for the tortoises to gain a thermal 
advantage from the early morning sun, as well as sheltering them from the west-
southwesterly wind.  The low sRVO2 of the tortoises at 14°C and 18°C, as well as 
their inactivity deduced from this study may be their way of conserving energy. 
 
The high Q10 values of the sRVO2 calculated at the lower temperatures from this 
study agree with the work of Litzgus and Hopkins (2003), who reported higher 
metabolic Q10 values at cooler temperatures than those recorded at warmer 
temperatures in turtles.  Litzgus and Hopkins (2003) speculated that the higher Q10 
values at cooler temperatures may be due to a transition from aerobic to anaerobic 
metabolism. 
  
The mid-section (stage ii, Figure 4.4), a plateau, could be the temperature range of 
the thermal preferendum of the species (Clairaeux and Lagardere, 1999) or the 
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range of its voluntary body temperature (Al-Sadoon, 1999) which can be considered 
the mechanism of metabolic homeostasis (Bennett and Dawson, 1976).  The 
possible presence of a thermal preferendum zone in the relationship of sRVO2 of 
adult C. angulata and temperature serves as evidence to support the concept of 
physiological thermoregulation in C. angulata (and possibly other ectotherms). 
However, collecting data on environmental operative temperatures and associated 
body temperatures will elucidate on the possible physiological thermoregulation of C. 
angulata. 
 
The possible presence of the thermal preferendum also raises a question on the 
classification of these tortoises as ectotherms.  Are C. angulata complete 
ectotherms? Or do they fall somewhere between ectotherms and endotherms?  
Endotherms have high metabolic rates and maintain high body temperatures through 
adjustments in metabolic heat production while ectotherms have relatively low 
metabolic rates and have their body temperature dependent on external sources of 
heat (Willmer, Stone and Johnston, 2005).  The possible thermal preferendum at 
temperature range 26 - 38°C in this study is close to the 27 - 32°C body temperature 
range at which both Craig (1973) and Perrin and Campbell (1981) reported an 
inflexion in the heating curve of C. angulata.  The possible thermal preferendum 
zone in this study is also close to the preferred body temperature, 28 - 32°C of C. 
angulata (Branch 1984). 
 
The metabolic rate–temperature independent zone (MRTIZ) at a higher temperature 
could be of ecological importance.  The width of the MRTIZ range may explain the 
ecology and behaviour of the species (Huey and Slatkin, 1976).  The plateau may 
also shed light on the performance breadth of C. angulata in their natural habitat 
(Huey and Stevenson, 1979).  The capacity of C. angulata to maintain metabolic rate 
at such high temperatures could benefit them in foraging during summer in the 
Eastern Cape region where temperatures range from 18 - 27°C, with occasional 
bouts of up to 35°C (Port Elizabeth weather station).  The MRTIZ may support the 
concept of niche width (Roughgarden 1972).  The range may be the suitable 
temperatures at which C. angulata can survive and may be a contributing factor to 
their geographical distribution (Heatwole 1970; Spellerberg 1973). 
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From the studies that directly tested the effect of temperature on the oxygen 
consumption of tortoises, none reported the existence of a plateau in the metabolic 
rate-temperature curve.  Oxygen consumption has been reported to increase with 
increasing temperature in Testudo hermanni g. (Kirsch and Vivien-Roels, 1984), the 
African tortoise (Kinixys spekii) (Hailey and Loveridge, 1997), (Gopherus agassizii) 
and parrot-beaked tortoises (Homopus areolatus) (Brown et al., 2005) and in the 
African spurred tortoise, Geochelone sulcata (Ligon, Bidwell and Lover, 2009). 
 
From metabolic studies conducted on turtles, a few reported the existence of a 
plateau in the metabolic rate–temperature curve.  For example, Gatten (1974) 
reported one on Terrapene ornata.  Southwood et al. (2003) suspected the existence 
of a plateau between 17°C and 26°C in juvenile green turtles.  Penick, Paladino, 
Steyermark and Spotila (1996) measured tissue metabolic rates of juvenile green 
turtles and reported relatively low Q10 values within the temperature range 12.5 - 
27.5°C.  In other turtles, oxygen consumption have been reported to increase with 
increasing temperature, for example, in Trachemys scripta (Gatten, 1974), Chelydra 
serpentine (Steyermark and Spotila, 2000) and Kinosternon subrubrum (Litzgus and 
Hopkins, 2003).  Dubois et al. (2008) also reported an exponential increase of 
metabolic rate of wood turtles (Glyptemys insculpta) with body temperature ranging 
from 15 - 35°C. 
 
The existence of the plateaus in the metabolic rate–temperature relationship have 
been reported in other reptiles, like tuatara (Cartland and Grimmond, 1994), snakes 
(Aleksiuk, 1971; Al-Sadoon, 1991, 1999; Zaidan, 2003) and lizards (e.g. Abe and 
Mendes, 1980, Patterson and Davies, 1989; Beaupre et al., 1993).  Beaupre et al. 
(1993) reported a plateau in the oxygen consumption between ambient temperature 
32°C and 34°C during scotophase in the desert lizard (Sceloporus merriami).  
Jacobson and Whitford (1970) attributed the flattening of the oxygen consumption of 
Thamnophis sirtalis between 20°C and 30°C to reduced locomotor activity, as they 
reach their preferred body temperature of 28.1°C.  Buikema and Armitage (1969) 
also reported a plateau in the oxygen consumption of the 22°C acclimated Diadophis 
punctatus between 25°C and 30°C, but they could not explain it. 
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The presence of a plateau in the metabolic rate–temperature curves from this study 
and from the studies on other ectotherms indicates that not all ectotherms are 
completely dependent on ambient temperature for their functional capabilities.  Some 
of the ectotherm physiological functions deviate from the van‟t Hoff‟s rule, that is, the 
functions do not linearly increase with increasing temperature. 
 
The highest Q10 value was at the third stage (38 - 40°C); this may be due to the 
tortoises being stressed and physiological thermoregulation, as well as the extension 
of head and limbs no longer able to cope with the need for temperature regulation.  
In their natural habitat, the tortoises may have applied more behavioural 
thermoregulatory steps, like moving into shady shelters.  Els (1989) reported that C. 
angulata forage within ten metres of their shelters or shade, thus allowing them a 
reasonable distance to shuttle between shade and sun.  From the results of this 
study, it is clear that ambient temperatures above 38°C may stress adult C. angulata.  
Avoidance of extreme ambient temperatures may conserve energy.  The spurred 
tortoise (Testudo graeca L.) was reported to employ evaporative cooling at high 
ambient temperatures, with salivatory thermoregulation starting at 39.5 ± 0.4°C 
(Cloudsley-Thompson, 1974). 
 
 
4.5 Conclusions 
 
The specific resting oxygen consumption (sRVO2) of adult C. angulata deviated from 
the van‟t Hoff‟s rule.  The sRVO2 increased with increasing experimental 
temperatures, but not constantly over the range of temperatures tested (14 - 40°C).  
The MRTIZ (plateau) exists at a temperature range of 26 - 38°C.  Beyond the zone, 
the sRVO2 increased markedly with temperature.  The study shows that C. angulata 
has the ability to thermoregulate physiologically to some degree. 
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C h a p t e r  5  
THE METABOLIC ADJUSTMENTS OF THE ANGULATE TORTOISE 
(CHERSINA ANGULATA) TO SEASONAL CHANGES IN 
TEMPERATURE AND PHOTOPERIOD 
5.1 Introduction 
 
Varying environmental temperatures and seasonal changes are generally known to 
affect the physiology and the behaviour of reptiles.  Physiological effects have been 
shown for example by Bartholomew and Tucker (1964), Bennett and Dawson (1976), 
Kirsch and Vivien-Roels (1984), Cartland and Grimmond (1994), Hailey and 
Loveridge (1997), Ott, Mendoca and Craig (2000) and Sepulveda, Vidal, Farina and 
Sabat (2008), while behavioural effects have been shown for example by Weintraub 
(1968), Huey and Pianka (1977), Gregory (1982), Zimmerman, Kemp and Salice 
(1994) and Rautenstrauch, Rager and Rakestraw (1998).  Variations in ambient 
temperature directly influence the biochemical, as well as the physiological 
processes in chelonians (Lutz, Bergey and Bergey 1989; Penick, Paladino, 
Steyermark and Spotila, 1996; Seebacher, Guderley, Elsey, Trosclair III, 2003; 
Southwood, Darveau and Jones, 2003; Hochscheid, Bentivegna and Speakman, 
2004). 
 
Reptiles respond differently to seasonal changes in temperature, both physiologically 
and behaviourally.  Some reptiles respond to seasonal variations by being active in 
summer and have metabolic depression during winter, for example some lizards 
(Andrade, Sanders, Milsom and Abe, 2004; Milsom, Andrade, Brito, Toledo, Wang 
and Abe, 2008).  Other reptiles elevate metabolic rates in winter, for example some 
lizards (Roberts, 1968).  Some tortoises are found to over-winter in hibernacula and 
reduce their metabolic rates (Gregory, 1982; Zimmerman et al., 1994; Rautenstrauch 
et al., 1998). 
 
Seasonal changes in food availability and rainfall also influence reptile metabolism 
(Bennett and Dawson 1976; Felger, Cliffton and Regal 1976; Kennett and Christian, 
1994; Christian, Corbett, Green and Weavers 1995).  Some reptiles are reported to 
reduce their metabolic rates during periods of food shortage (Nagy and Medica, 
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1986; Waldeschmidt, Jones and Porter, 1987) to conserve energy (Hailey and 
Loveridge, 1997) or to store lipids before going into hibernation (Heusner and 
Jameson, 1981). 
 
The reptiles of southern Africa in their natural habitat are subjected to diverse climate 
and seasonal variations with fluctuations in ambient temperature (Boycott and 
Bourquin, 2000; Kruger, 2004; McMaster and Downs, 2008).  It is of importance to 
know how these reptiles react physiologically to these variations. 
 
The effects of seasonal changes on chelonian metabolism have been studied on 
turtles (for example Southwood et al., 2003; Hochsheid et al., 2004; Southwood, 
Reina, Jones, Speakman, and Jones, 2006).  The influence of seasonal variations 
on the metabolic rates of tortoises, especially southern African tortoises, has not 
been extensively studied.  Responses of metabolic rate to time of day and 
temperature changes on tortoises have been reported in Testudo hermanni by 
Kirsch and Vivien-Roels (1984), while Kuchling (1981) reported seasonal variations 
in the same species.  Hailey and Loveridge (1997) reported an increase in the 
metabolic rates of Kinixys spekii, with increasing temperature.  Nagy and Medica 
(1986) reported on the seasonal changes in the field metabolic rates of the desert 
tortoises in southern Nevada. 
 
Chersina angulata is widely distributed in Southern Africa and is adapted to a variety 
of climatic zones and habitats (see Chapter 1).  Seasonal variations have been 
reported in the vegetation of some of these habitats in the Western Cape (Joshua, 
Hofmeyr, Henen and Weitz, 2005).  The variations in the activity patterns of C. 
angulata over different seasons in the Eastern Cape (Els, 1989) and Western Cape 
(Ramsay, Hofmeyr and Joshua, 2002; Keswick, Henen, and Hofmeyr, 2006) have 
been reported.  The occurrence of C. angulata in diverse environments, as well as 
their ability to be active throughout the year in mild winters (Els, 1989; Bourquin and 
Boycott, 2000), suggests that these tortoises may have some endothermic 
properties.  They may have the capacity to thermoregulate physiologically to some 
extent within a preferred temperature range. 
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This poses the question as to whether C. angulata may have a distinct pattern of 
seasonal metabolic compensation.  There are no published studies on the seasonal 
metabolism of this species. 
 
To gain understanding on seasonal metabolic compensation of C. angulata, the 
resting metabolic rates of the adult C. angulata of the Eastern Cape were examined 
at different experimental temperatures in summer and winter conditions.  Seasonal 
effects were tested in the appropriate season that is summer experiments were 
conducted in summer and winter experiments conducted in winter.  For each 
season, the tortoises were acclimated to standard temperature and day length 
conditions in an environmentally controlled room (ECR) prior to metabolic 
measurements.  Seasonal acclimation was done in the laboratory to reduce the 
influence of other environmental factors, since seasonal changes in the natural 
habitat are multi-factorial (Bligh, 1976). 
 
We hypothesize no significant effect of season on the metabolic rate of adult C. 
angulata.  If there is an effect of season on the metabolic rate of C. angulata, we 
predict that winter acclimated tortoises will have a slightly reduced metabolic rate in 
order to conserve energy. 
 
 
5.2 Materials and methods 
 
5.2.1 Study animal, site and permits 
 
The tortoises used in this study were obtained from Sardinia Conservancy near the 
western part of Port Elizabeth (33° 58‟ S, 25° 42‟ E).  The study site and habitat are 
described in Chapter 2. 
 
Seventeen adult tortoises of mixed sexes, original mass range 358 g to 867.81 g and 
plastron length 130 mm to 213 mm were used in this study component.  Nine males 
and eight females were used for summer measurements, while eight of the males 
and seven of the females were used for winter measurements. 
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Permits to capture C. angulata, transport and keep them in captivity at Nelson 
Mandela Metropolitan University (NMMU) were obtained from the Department of 
Economic Development and Environmental Affairs, Port Elizabeth.  The protocols 
used in this study were non-invasive and had been approved by the NMMU 
Research Animal Ethics Committee. 
 
 
5.2.2 Measurement of resting oxygen consumption 
 
The resting metabolic rates of summer-acclimated and winter-acclimated C. angulata 
were determined indirectly, as the rates of resting oxygen consumption (RVO2) at 
different experimental temperatures.  The summer RVO2 measurements were taken 
in summer (from October 2007 to February 2008) and the winter measurements 
were taken in winter (from April to August 2008).  The RVO2 of each tortoise was 
measured using open flow-through respirometry, as described in materials and 
methods in Chapter 2.  The RVO2 measurements were taken at experimental 
temperature intervals 4°C from 10 - 22°C for winter, while the summer measurements 
were taken at 14 - 22°C. 
 
 
5.2.3 Acclimation 
 
The tortoises were transferred from an outdoor enclosure where they were kept 
initially, into an environmentally controlled room for acclimation to experimental 
conditions for a period of at least one week.  They were maintained, as described in 
materials and methods in Chapter 2. 
 
For summer acclimation, the tortoises were acclimated as described in Chapter 4.  
The set-up for winter acclimation, was as for summer acclimation, but the 
temperature was reduced to 14°C and the light regime changed to eleven hours of 
light and thirteen hours of darkness (11L:13D).  Light was provided as in summer 
acclimation but phased in automatically at 06h30 and out at 17h30.  These are the 
winter mean temperature and light regimes of Port Elizabeth respectively (Port 
Elizabeth Weather Bureau). 
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5.2.4 Procedure for measuring resting oxygen consumption 
 
The tortoises were familiarised and acclimated to equipment and experimental 
conditions respectively (see Chapter 2) before RVO2 measurements were recorded.  
Each tortoise was prepared, in the second ECR as in Chapter 2 prior to the RVO2 
measurements. 
 
All the RVO2 measurements were recorded over a period of six hours, from 08h30 to 
14h30, to avoid any possible circadian variation in the RVO2 (Kirsch and Vivien-
Roels, 1984; Setlalekgomo, Winter and Els, in prep).  Readings were recorded 
manually from an oxygen analyser pre-calibrated at 20.95% oxygen prior to the 
placement of the tortoise in the metabolic chamber.  The data recorded in the first 
two hours for each tortoise were discarded to avoid any variations in RVO2 due to 
handling effects at the commencement of the experiment.  For each tortoise the 
RVO2 was measured once at each season and experimental temperature.  Each 
tortoise was given at least one week of rest before the next RVO2 measurements 
were recorded. 
 
The tortoises were taken back to a large outdoor enclosure (> 30 m2) in the natural 
environment at intervals to have access to sunlight which is vital for their carapace 
development (Bourquin and Boycott, 2000), as well as to avoid any possible 
carryover effect of treatment (season) on the RVO2 of the tortoises.  The tortoises 
were brought back into the ECR in time for acclimation to experimental conditions 
and prior to RVO2 measurement in the next experimental temperature. 
 
 
5.2.5 Data handling 
 
The data were treated as in Chapter 2 (Materials and methods, data handling). 
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5.2.6 Data analysis 
 
The data presented in this study were obtained from the same animals, as reported 
in Chapter 4.  Due to tortoise mortalities, data were obtained from a different number 
of tortoises per experimental temperature and season.  Twelve to fifteen tortoises 
were used at each experimental temperature for each season. 
 
Repeated measures analysis of variance (RMANOVA) was used to compare the 
body masses of tortoises between different experimental temperatures and seasons. 
 
RMANOVA was used to test for the effects of season (summer and winter), gender 
(male and female) and experimental temperature (14 - 22°C) on the mean sRVO2 of 
tortoises.  Tukey post hoc test was employed where necessary.  The Q10 values 
were calculated (Schmidt-Nielson, 1997; Lighton, 2008) at temperature intervals for 
each season. 
 
Statistical significance was assumed at P < 0.05.  All mean values are presented as 
mean ± SE.  Throughout the text n refers to the number of observations and N refers 
to the number of animals. 
 
 
5.3 Results 
 
There was no significant difference in the body masses between males and females 
at all summer experimental temperatures (P > 0.05).  Animals showed no significant 
differences in body mass of tortoises between experimental temperatures (P = 0.74) 
and between seasons (P = 0.09). 
 
The sRVO2 data were normally distributed and homoscidastic (P = 0.05).  
RMANOVA showed no significant effects of gender (F(1,82) = 0.72, P = 0.40), no 
significant effects of season (F(1,82) = 0.04, P = 0.84), but a significant effect of 
temperature (F(2,81) = 56.62, P < 0.001) on the sRVO2 of tortoises.  The Tukey post-
hoc test revealed that the mean values for the sRVO2 of tortoises at all the tested 
temperatures were significantly different from each other (F(2,81) = 67.69, P < 0.001). 
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The data for male and female tortoises at each season were then combined.  The 
mean sRVO2 values of summer-acclimated and winter-acclimated tortoises were 
computed for each experimental temperature (Table 5.1).  The relationships of the 
computed means and the experimental temperatures at each season are shown in 
Figure 5.1. 
 
The mean sRVO2 increased with increasing temperatures in both summer-
acclimated and winter-acclimated tortoises (Figure 5.1, Table 5.1).  The winter-
acclimated tortoises had almost equal mean sRVO2 at 14°C, a slightly elevated 
mean sRVO2 at 18°C and a slightly lower mean sRVO2 at 22°C in comparison with 
the summer-acclimated tortoises (Figure 5.1, Table 5.1).  The metabolic rate – 
temperature curves for winter-acclimated and summer-acclimated tortoises cross 
each other (Figure 5.1).  The mean sRVO2 of the winter-acclimated tortoises was 
lowest at 10°C, only 7.58% of that at 22°C. 
 
 
Table 5.1: Mean specific resting oxygen consumption (sRVO2) and mean mass of 
winter-acclimated and summer-acclimated adult Chersina angulata at different 
experimental temperatures. 
 
Winter-acclimated Chersina angulata 
Temperature(°C) N Mean sRVO2 (ml O2 kg
-1 hr-1 ± SE) Mean mass (g ± SE) 
10 13 5.52 ± 0.51 657.18 ± 40.58 
14 15 20.42 ± 2.61 680.15 ± 40.00 
18 15 52.00 ± 4.02 681.96 ± 40.09 
22 15 72.82 ± 5.04 677.21 ± 37.82 
Summer-acclimated Chersina angulata 
14 12 20.70 ± 2.54 689.17 ± 43.60 
18 13 37.12 ± 3.93 580.11 ± 37.72 
22 14 88.70 ± 8.43 598.51 ± 35.56 
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Figure 5.1: Comparison of seasonal effects on the specific resting oxygen 
consumption (sRVO2) for summer-acclimated and winter-acclimated C. angulata at 
different experimental temperatures (10 – 22°C).  Each point represents the mean 
sRVO2 of the different individuals at an experimental temperature.  The vertical lines 
above and below each mean are standard errors.  Twelve to fifteen tortoises were 
used at each experimental temperature for each season. 
 
 
The Q10 values were calculated from the means of the sRVO2 of the winter-
acclimated and the summer-acclimated tortoises over the experimental temperature 
range used (Table 5.1).  The values are shown in Table 5.2.  The highest Q10 value 
for the winter-acclimated tortoises was at 10 - 14°C, while the lowest was at 18 - 
22°C.  The summer-acclimated tortoises had a higher Q10 value of 8.82 at 18 - 22°C 
in comparison with the winter-acclimated tortoises.  The Q10 values of the winter-
acclimated tortoises increased with decreasing temperature, while the Q10 values of 
the summer-acclimated tortoises decreased with decreasing temperature.  The 
overall Q10 value was higher for summer-acclimated tortoises between 14 and 22 °C 
(Table 5.2). 
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Table 5.2: Q10 values of the specific resting oxygen consumption (sRVO2) of winter-
acclimated and summer-acclimated Chersina angulata at different experimental 
temperatures (10 – 22°C). 
 
Temperature intervals 
(°C) 
Winter-acclimated 
tortoises 
Summer-acclimated 
tortoises 
10 - 14 26.32  
14 - 18 10.35 4.31 
18 - 22 2.32 8.82 
14 – 22 (overall) 4.90 6.17 
 
 
5.4 Discussion 
 
Chersina angulata used in this study showed no distinct or little seasonal variation in 
metabolic rate.  However, some behavioural differences were noted. 
 
The specific resting oxygen consumption (sRVO2) values of both winter-acclimated 
and summer-acclimated tortoises increased with temperature and were significantly 
different from each other within the temperature ranges tested.  The lowest sRVO2 
value, 5.52 ± 0.51 (ml O2 kg
-1h-1) obtained from winter–acclimated C. angulata at 
10°C is in agreement with the 0.0063 (ml O2 g
-1h-1) predicted for desert tortoises at 
9.6°C in winter (Marlow 1979 in Nagy and Medica 1986).  The sRVO2 value at 22°C 
was almost four times that at 14°C, for both summer-acclimated and winter-
acclimated tortoises. 
 
The values of the sRVO2 of tortoises in this study are slightly higher than those 
reported in K. spekii (Hailey and Loveridge, 1997), T. hermanii (Kirsch and Vivien-
Roels, 1984) and Malacochersus tornieri (Wood, Lykkeboe, Johansen, Weber and 
Maloiy, 1978).  Differences may be attributed to, among other factors, the variations 
in body mass, time of day at which VO2 measurements were taken and the 
temperature and photoperiod acclimation history of the tortoises.  There is also no 
reason why tortoises of different species should have identical metabolic rates.  The 
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differences may be attributed to the interspecific differences among tortoises or the 
effects of thermal acclimation. 
 
The winter-acclimated tortoises in this study had a steeper decrease in sRVO2 (Q10 = 
10.35) than the summer-acclimated tortoises (Q10 = 4.31) at lower temperatures (14 - 
18°C).  This seasonal difference in the Q10 value at low temperatures indicates a 
metabolic depression in winter-acclimated tortoises (Hailey and Loveridge, 1997).  
The depression of the sRVO2 of the winter-acclimated Chersina angulata between 
10°C and 14°C (Q10 = 26.32) may occur during inactivity to conserve energy on cool 
winter nights.  C. angulata are reported to have reduced activity during cold weather, 
with the lowest ambient temperature at which they were found active in their natural 
habitat being 14.1°C (Els, 1989).  However, their preferred activity temperature 
range was reported to be 17 – 27°C (Els, 1989; Ramsay et al., 2002).  Almost all the 
tortoises used in this study were found inactive for nearly the entire RVO2 
measurement period at 10°C and 14°C. 
 
The tortoises were observed to have lower food consumption during winter 
acclimation (14°C, 11L:13D) in comparison with summer acclimation (22°C, 
14L:10D) (pers. obs.).  This may be their way of energy conservation, since food 
digestion needs energy and is dependent on temperature.  The low food 
consumption during cold acclimation has also been reported in other chelonians, for 
example the cold-acclimated Kemp‟s ridley turtles and the green turtles by Moon et 
al. (1997).  Hochscheid et al. (2004) reported the same behaviour with the 
loggerhead turtle, Caretta caretta.  The cessation of feeding has also been noted on 
green turtles at water temperatures of 15°C and lower temperatures (Felger et al., 
1976). 
 
The results of the RMANOVA showed no significant effect of season on the sRVO2 
of C. angulata used in this study.  The metabolic rate – temperature curves of the 
winter-acclimated and the summer-acclimated tortoises (Figure 5.1) cross each 
other.  The curves show no distinct pattern in the seasonal metabolic compensation 
in C. angulata. 
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Reptiles that hibernate are known to reduce their metabolic rates in the cold, while 
some of those reptiles that are active in the winter increase their metabolic rates in 
response to the cold.  In this study, no clear pattern was observed; however, the high 
Q10 values at low temperatures may be an indication that the tortoises may go into 
hibernation if the temperature decreases further. 
 
The seasonal metabolic pattern exhibited by C. angulata, is close to the rotational 
and translational type described by Pohl (1976), whereby the metabolic rate – 
temperature curves of the summer-acclimated and winter acclimated animals cross 
each other. 
 
Unlike the results obtained from this study, studies from some tortoises and turtles 
have shown a reduction in metabolic rates during winter.  The study by Kuchling 
(1981) indicated a metabolic preparation in autumn prior to hibernation in the cold by 
the tortoise Testudo hermanni.  Hailey and Loveridge (1997) reported a significant 
metabolic depression during dormancy in the tortoise Kinixys spekii.  However, the 
inactivity of K. spekii is attributed mostly to food shortage rather than to low 
temperatures (Hailey and Coulson, 1996).  The study by Hochscheid et al. (2004) 
showed a decrease in the VO2 of the turtle Caretta caretta between summer and 
winter. 
 
Seasonal variations in the field metabolic rate (FMR) of the desert tortoise have been 
reported (Nagy and Medica, 1986; Peterson, 1996; Henen, 1997, Henen et al., 
1998).  The tortoise has elevated rates in spring and summer, and reduced rates in 
winter.  These tortoises are said to increase their body energy content in summer; 
this is then conserved for use in the winter. 
 
The lack of any distinct pattern in the seasonal metabolic compensation in C. 
angulata is not strange in chelonians but tortoises.  No significant difference was 
exhibited in the metabolic rates of cold and warm-acclimated box turtles (Terrapene 
Carolina) at 5°C (Gatten 1987).  Southwood et al. (2003) reported no significant 
difference in the VO2 of summer-acclimated and winter-acclimated juvenile green 
turtles, but a 24 - 27% decrease in the VO2 during exposure to winter.  In this study, 
only adult tortoises were used. 
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The study by Kennett and Christian (1994) showed that the metabolic rate of the 
long-neck turtles (Chelodina rugosa) during estivation dropped by 28%, but was not 
significantly different from that during pre-estivation. 
 
The study by Southwood et al. (2006) showed a 43% drop in the mean FMR of 
juvenile green turtles (Chelonia mydas) during winter.  However, there was no 
statistically significant difference (P = 0.17) in the mean FMR between winter and 
summer. 
 
In some lizards, inverse and partial compensation in seasonal metabolic rates have 
been reported.  Some lizards have reduced metabolic rates in winter (for example, 
Mayhew, 1965; Gregory, 1982; Gatten, 1985; Zari, 1999).  It may be assumed that 
this is to conserve energy during times of inactivity and to possibly make it available 
for use during the active season.  On the other hand, some lizards elevate their 
metabolic rates during winter to maintain their levels of activity at lower temperatures 
(for example, studies by Gregory, 1982; Gatten, 1985; and Zari, 1996). 
 
The lack of a distinct pattern of seasonal metabolic compensation in C. angulata as 
compared to other tortoises studied may suggest that some species of tortoises are 
active throughout the year, despite the heterogeneous thermal environments in 
which they live.  In turtles that do not show any seasonal metabolic compensation, 
this may be explained by their natural habitat.  In the sea, turtles experience a 
narrow temperature range due to the large specific heat capacity of water, unless 
they travel long distances or dive deep into the water (Hochscheid et al., 2004). 
 
 
5.5 Conclusions 
 
The C. angulata used in this study showed an increase in metabolic rate with 
temperature for both summer and winter-acclimated tortoises within the 
temperatures tested.  There was no significant difference between the mean specific 
resting oxygen consumption of the tortoises at same experimental temperatures and 
different seasons.  The pattern appeared to be correlated with their behaviour in their 
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natural habitat within the temperature ranges tested.  However, the high Q10 values 
calculated at the lower temperatures, especially for winter-acclimated tortoises 
between 10°C and 14°C, may be an indication that below 10°C they may hibernate. 
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C h a p t e r  6  
THE RELATIONSHIP OF THE RESTING OXYGEN CONSUMPTION TO 
BODY MASS, TEMPERATURE AND PHOTOPERIOD ACCLIMATION 
IN THE ANGULATE TORTOISES (CHERSINA ANGULATA) 
6.1 Introduction 
 
Metabolic rate in animals is influenced by several factors.  These include body mass, 
temperature, photoperiod and gender (Bennett and Dawson, 1976).  The relationship 
of metabolic rate to temperature and body size has been studied in various animals 
(Scholander, Hoch, Walters, Johnson and Irving, 1950; Prosser and Brown, 1962; 
Avery, 1985; Hussein, 1991; Zari, 1991) and has been extensively reviewed 
(Hemmingsen, 1960; Whiteford and Victor, 1967; Gans and Pough, 1982; Kayed, El-
Ghazaly, Moursi and Hussein, 1990)  The metabolic rate of animals (as oxygen 
consumption) is generally known to increase with increasing body mass, according 
to the equation (Brody, 1945; Hemmingsen, 1960; Kleiber, 1975; Gunther, 1975): 
 
Metabolic rate (ml O2 h
-1) = aMb  
or  
mass specific metabolic rate (ml O2 kg
-1
 h
-1) = aMb-1  
 
where, a = the mass coefficient  
M = the body mass  
b= the mass scaling exponent 
 
Mass specific metabolic rate (ml O2 kg
-1h-1) is inversely related to body mass.  The 
values of a and b vary among species.  In most organisms, especially mammals, 
birds and plants, the metabolic rate does not increase in direct proportion to body 
mass, but scales allometrically to mass, with a scaling exponent of 0.75 
(Hemmingsen, 1960; Kleiber, 1961; Lasiewski and Dawson, 1967; Peter, 1983; 
Schmidt-Nielsen, 1997; West, Brown and Enquist, 1997; Gillooly, Brown, West, 
Savage and Charnov, 2001; Darveau, Saurez, Andrews and Hochachka, 2002; 
Maxwell, Jacobson and McNab, 2003; West and Brown, 2005; White and Seymour, 
2005).  In some reptiles, lower mass exponent values have been reported (Wood, 
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Lykkeboe, Johansen, Weber and Maloiy, 1978; Andrews and Pough, 1985; McNab, 
2002).  Metabolic rate falls in the regression line with a slope closer to 1.0 in some 
insects and trees (Schmidt-Nielsen, 1997). 
 
Recently, the metabolic scaling exponent (b) has been found to vary significantly 
between different organisms with different metabolic levels (Nagy, 2005) and 
physiological states (Glazier, 2009).  The exponents are also influenced by the 
different levels of activity of the organism in ectotherms (Prange, 1976; Nagy, 2005; 
Glazier, 2009), acclimation and experimental temperatures (Beaupre, Dunham and 
Overall, 1993; Thompson and Withers, 1997). 
 
It has also been found that metabolism does not show the same scaling exponent 
within species as it does between species (Withers, 1992; Thompson, Heger, Heger 
and Withers, 1995; Glazier, 2005).  Several reviews have been quoted in this relation 
(Kleiber, 1961, Bennett and Dawson, 1976, Andrews and Pough, 1985). 
 
From the reviews on the interspecific and intraspecific metabolic rate-mass 
relationships, it is evident that there is limited information on chelonians, especially 
on tortoises.  From the limited information on turtles, Bennett and Dawson (1976) 
calculated the interspecific mass scaling exponent and reported it to be 
approximately 0.8.  Knowing the relationship of metabolic rate and body mass of a 
species can help in the estimation of their maintenance costs, which is vital in 
physiological ecology (Beaupre, 1993). 
 
Tortoises and turtles have for some time been reported not to conform to the general 
rule of metabolic rate (ml O2 h
-1) = aMb.  The earliest study by Benedict (1932) 
showed that metabolic rate per body mass was more or less constant for four 
species of large tortoises over the weight range of 5 - 132kg.  The author‟s results 
were supported by the work by Hutton, Boyer, Williams and Campbell (1960) on 
Pseudemys.  However, the work by Hughes, Gaymer, Moore and Woakes (1971) on 
nine Testudo gigantea of mass ranging from 118 g to 35.5 kg, with oxygen 
consumption measured at 25.5°C conformed to the general relationship.  The mass 
coefficient calculated was 0.82.  On re-analysing the data obtained from Pseudemys 
scripta elagans at 30°C by Hutton et al. (1960), Hughes et al. (1971) found a slope 
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(0.879) that was not significantly different from the slope (0.821) obtained from T. 
gigantea. 
 
The objective of this study component was to determine the intraspecific equations 
relating sRVO2 (ml O2 kg
-1h-1) to body mass in C. angulata at varying temperatures 
and seasons.  The results of this study will contribute to the scarce knowledge of the 
mass scaling exponent of the relationship of the resting metabolic rate and body 
mass in chelonians, especially in tortoises.  To ecologists, it will assist in the 
estimation of the energy requirements of adult C. angulata of different body masses 
at varying ambient temperatures and seasons.  It will also be useful in the prediction 
of energy requirements of adult C. angulata as they continue to grow, which is of 
importance to their management especially in captivity. 
 
The results of this study will be beneficial in the conservation and rehabilitation of 
adult C. angulata and possibly other tortoises of relatively the same mass where 
estimates of metabolic rates are used in medicine for reptiles (Pokras, Sedgwick and 
Kaufman, 1992; Donoghue and Langenberg, 1996; Sedgewick and Borkowski, 1996).  
The allometric equation for C. angulata will be useful in determining the appropriate 
dosages and dosing intervals of antibiotics for tortoises of different masses 
(Jacobson, 1996). 
 
 
6.2 Materials and methods 
 
The data used in this chapter were obtained from Chapter 4 (summer-acclimated 
tortoises) and Chapter 5 (winter-acclimated tortoises) of this study.  Seventeen adult 
tortoises of mixed sexes, 8 females (masses ranging from 358 to 765.55 g) and 9 
males (masses ranging from 360.02 to 867.81 g) were used. 
 
The tortoises were maintained and prepared as described in materials and methods 
in Chapters 4 and 5.  The resting oxygen consumption (RVO2) (ml O2 hr
-1) of 
tortoises was determined, as described in Chapter 2 (materials and methods). 
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6.2.1 Data analysis 
 
The objective was to determine the mass scaling exponents of the regression lines 
of the RVO2 (ml O2 hr
-1) and body mass (g) of adult C. angulata at different 
temperatures and seasons. 
 
The relationships between the RVO2 (y) and body mass (g) (x) of the winter-
acclimated tortoises and the summer-acclimated tortoises at different temperatures 
were both determined and plotted.  The RVO2 (y) and body mass (g) (x) data were 
log transformed and plotted.  Regression lines for each temperature were fitted to 
the data by the method of least squares.  The slopes of the regression lines for 
males and females were compared at each temperature at each season using 
analysis of covariance (ANCOVA).  The same procedure was followed using resting 
oxygen consumption (sRVO2) (y) data instead of RVO2 (y) and the results are shown 
in Appendix E. 
 
Where gender had no effect on the regression slopes, the data were combined and 
ANCOVA used to compare the regression lines between different temperatures for 
each season.  The regression lines for summer-acclimated and winter-acclimated 
tortoises at experimental temperatures 14°C, 18°C and 22°C were compared using 
ANCOVA. 
 
 
6.3 Results 
 
The regression slopes for males and females at different experimental temperatures 
during different seasons were not statistically different when compared with each 
other (P> 0.05), so data obtained from the male and female tortoises were combined 
for further analysis. 
 
The relationship between RVO2 (y) and body mass (x) of summer-acclimated 
tortoises is shown in Figure 6.1.  The data were log transformed and the relationship 
of log RVO2 (y) and log body mass (x) of winter-acclimated tortoises is shown in 
 108 
Figure 6.2.  The same procedure was followed for the summer-acclimated tortoises.  
The relationships are shown in Figures 6.3 and 6.4. 
 
The relationship of the log transformed data was expressed by the equation: log 
RVO2 = log a + b log M, where (a) is the y intercept and (b) is the regression slope 
and M is the body mass (g).  The values of (a), (b), R2 and P-values are shown in 
Table 6.1 for winter-acclimated tortoises and Table 6.2 for summer-acclimated 
tortoises. 
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Figure 6.1: The relationship of the resting oxygen consumption (RVO2) (ml O2 hr
-1) of 
winter-acclimated C. angulata and body mass (g) at varying experimental 
temperatures (Texp) of 10 - 22°C as per the legend. 
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Table 6.1: Regression statistics for Log RVO2 (ml O2 hr
-1) of winter-acclimated C. 
angulata as a function of Log mass (g), determined at different experimental 
temperatures (Texp) of 10 - 22°C. 
 
Texp (°C) N Mb range (g) Mean Mb (g) ± SE P R
2 b a 
10 14 355.15 - 870.95 677.18±39.73 0.10 0.21 0.67 -1.29 
14 13 358.57 - 943.47 668.36±43.88 <0.001 0.63 1.25 -2.40 
18 11 472.98 - 876.66 695.51±39.73 <0.001 0.76 1.28 -2.10 
22 14 362.88 - 899.34 677.21±40.62 0.03 0.32 0.45 0.40 
 
Texp is experimental temperature (°C) while Mb is body mass (g). 
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Figure 6.2 Regression lines of the logarithmic plots of resting oxygen consumption 
versus body mass of winter-acclimated C. angulata at different experimental 
temperatures (10 - 22°C). 
 
Figures 6.1 and 6.2 showed an increase in RVO2 with increasing experimental 
temperature and body mass.  The regression slopes were statistically significant at 
experimental temperatures of 14 - 22°C, but not significant at 10°C (Table 6.1).  The 
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values of the slope ranged between 0.45 and 1.28.  ANCOVA indicated no clear 
pattern with the y intercept values (Table 6.1).  Not all regression slopes among the 
different temperatures were significant, so the slopes could not be compared. 
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Figure 6.3: The relationship of the resting oxygen consumption (RVO2) (ml O2 hr
-1) 
and body mass (g) of summer-acclimated C. angulata at varying experimental 
temperatures (14 - 40°C) as per the legend. 
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Table 6.2: Regression statistics for Log RVO2 (ml O2 hr
-1) of summer-acclimated C. 
angulata as a function of Log mass (g), determined at different temperatures (14 - 
40°C).  The starred P values show significant regression slope. 
 
Texp (°C) N Mb range (g) Mean Mb (g) ± SD R
2 P 
slop
e 
y-
intercep
t 
14 11 355.62 - 840.90 674.35 ± 148.99 0.14 <0.001* 1.47 -2.98 
18 12 408.90 - 794.84 598.99 ± 122.97 0.3 <0.001* 1.67 -3.28 
22 13 400.92 - 798.45 606.84 ± 134.64 0.3 0.07 0.48 0.38 
26 12 380.53 - 783.19 582.21 ± 132.27 0.13 0.01 0.71 -0.13 
30 11 368.95 - 742.39 576.32 ± 107.89 0.04 0.20 0.70 -0.14 
35 10 360.40 - 645.58 526.58 ± 104.67 0.40 <0.001* 0.73 -0.15 
38 6 567.69 - 846.01 694.94 ± 118.73 0.45 0.07 0.58 0.35 
40 11 373.98 - 839.67 646.94 ± 145.84 0.00 <0.001* 1.01 -0.67 
 
Texp is experimental temperature (°C) while Mb is body mass (g). 
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Figure 6.4: Regression lines of the logarithmic plots of the resting oxygen 
consumption versus body mass of summer acclimated C. angulata at different 
experimental temperatures (14 - 40°C). 
 
 
Figures 6.3 and 6.4 show an increase of RVO2 with increasing experimental 
temperature.  The resting oxygen consumption increases with increasing body mass 
at all experimental temperatures.  However, the regression slopes at the 
experimental temperatures tested were not all statistically significant (Table 6.2, P > 
0.05) hence they could not be compared.  The slopes at 14°C, 18°C and 40°C were 
above 1.00 while the slope of the regression lines at temperatures 22 - 38°C ranged 
from 0.48 – 0.73.  The regression lines for summer-acclimated tortoises and for 
winter-acclimated tortoises were not all statistically significant at 14°C, 18°C and 
22°C so could not be compared to each other. 
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Figure 6.5: Regression lines of the logarithmic plots of resting oxygen consumption 
versus body mass of summer-acclimated C. angulata at different experimental 
temperatures (14 - 40°C) as per the legend. 
 
 
6.4 Discussion 
 
The resting oxygen consumption (ml O2 hr
-1) of C. angulata increased with body 
mass and experimental temperature at all temperatures tested at both summer and 
winter seasons.  An inverse relationship was observed between specific resting 
oxygen consumption and body mass (Figure 6.5).  The kind of relationship has been 
reported for turtles at 20°C and 30°C (Bennett and Dawson, 1976) and agrees with 
the concept that small animals have a higher oxygen consumption rate per unit mass 
than do bigger ones (Hemmingsen, 1960; Kleiber, 1961; Heusner, 1982). 
 
The regression lines of the summer-acclimated tortoises showed three different 
patterns.  These were (i) at 14°C and 18°C, (ii) at 22 - 38°C, with those at 26 - 35°C 
being closest to each other, and (iii) at 40°C (Figure 6.4).  The slope values also 
varied between the three temperature ranges, at 14°C and 18°C, the values were 
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1.47 and 1.67 respectively, at 22 – 38°C the values ranged from 0.48 to 0.73, and at 
40°C the value was 1.01.  The variations in the regression lines may be attributed to 
temperature effects, since no significant effects of gender and body mass were 
established between the different experimental temperatures. 
 
The three distinct patterns agree with the findings in Chapter 4, that the metabolic 
rate-temperature curve of adult C. angulata is triphasic.  The middle flattened phase 
being possibly a MRTIZ with 26 - 35°C in the centre, and 22°C and 38°C at the 
extreme ends of the plateau.  Temperatures from 14 - 18°C are below the plateau, 
while 40°C is above the plateau. 
 
Variations of the mass exponent with temperature have been reported in some 
snakes (Vinegar, Hutchison and Dowling, 1970; Dmi‟el and Borut, 1972), but not in 
others (Chappel and Ellis, 1972; McCue and Lillywhite, 2003).  Zari (1996) found the 
mass exponent of the lizard Uromastyx philbyi to increase with increasing 
temperatures between 20°C and 40°C. 
 
The regression slopes of the winter-acclimated tortoises and the summer-acclimated 
tortoises at 14 - 22°C did not differ significantly.  This is an indication that mass 
scaling exponents of adult C. angulata are not influenced by season within the 14 - 
22°C temperature range. 
 
Several studies on tortoise metabolism did not report the mass scaling exponent (for 
example those of Kuchling, 1981; Kirsch and Vivien-Roels, 1984).  Hence, there is 
not much information in the literature to compare with the results of this study. 
 
The results of this study do not conform to the mass scaling exponent of 0.8, as 
calculated by Bennett and Dawson (1976) for turtles, nor do they conform to those 
reported by Hughes et al. (1971).  The slope (0.879) was recalculated by Hughes et 
al. (1971) from the work done by Hutton et al. (1960), and the slope (0.86) as 
calculated by Hughes et al. (1971) from the chelonian data in Altman and Dittmer 
(1979).  This did not differ significantly from the slope (0.821) obtained by Hughes et 
al. (1971) for T. gigantea. 
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Other chelonians are found to conform to the 0.8 allometric prediction of Hughes et 
al. (1971) and Bennett and Dawson (1976).  For example, Prange and Jackson 
(1976) reported a scaling exponent of 0.86 for resting green turtles of mass ranging 
from 0.03 to 142 kg.  However, Hochscheid, Bentivegna and Speakman (2004) 
reported an intraspecific scaling exponent of 0.353 for the same species.  This large 
difference between the exponents can result in wrong estimates for energy demands 
for growing turtles and in chelonian medicine, where metabolic estimates are used to 
determine the requisite quantities. 
 
Brown, Kenneth and Morafka (2005) reported an interspecific field metabolic rate 
(FMR) mass scaling exponent of 0.788 for juvenile desert tortoises (Gopherus 
agassizii) and adult Parrot-beaked tortoises (Homopus areolatus).  As in the results 
obtained from this study, results from other studies on tortoises and turtles do 
deviate from the allometric predictions for turtles.  The study by Benedict (1932) and 
Hutton et al. (1960) reported a mass exponent of approximately 1.  In this study 
exponents of less than 1 were obtained at some experimental temperatures, even 
though these were not statistically significant. 
 
From the study of the resting metabolic rates of tortoises, Scantlebury and Minting 
(2006) did not report the mass scaling exponents, but instead reported that the 
metabolic rate in the leopard tortoise (Geochelone pardalis) was higher than the 
allometric predictions for reptiles, while the resting metabolic rate for Psammobates 
oculiferus (Kalahari tent tortoise) was not significantly different from the prediction.  
However, their tortoises were not post-absorptive; hence the resting metabolic rate 
could have been influenced by specific dynamic action. 
 
Hailey (1998) reported the slope of a resting metabolic rate of 13 individual Kinixys 
spekii that was not significantly different from 1.  Hailey and Loveridge (1997) 
reported a scaling mass exponent of 1 from their study of the metabolic rates of adult 
K. spekii at different acclimation conditions and temperatures.  These values are 
within the range of values obtained in this study (0.48 - 1.67). 
 
Kennett and Christian (1994) reported the exponent of -0.88 on the turtle Chelodina 
rugosa at 30°C.  This is different from the results of this study (Table 6.2).  The 
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resting metabolic rate of the leatherback turtles turned out to be three times those 
predicted from the allometric relationship for green turtles and other reptiles 
(Paladino, O‟Connor and Spotila, 1990).  Dubois et al. (2008) reported no effect of 
body mass on the metabolic rate of the wood turtle (Glyptemys insculpta) at varying 
temperatures.  However, the authors did not report on the mass scaling exponent. 
 
Southwood, Reina, Jones, Speakman and Jones (2006) calculated a scaling 
exponent of 0.889 from the FMR data they obtained from juvenile green turtles 
together with those from other small juveniles (Prange 1976; Butler et al., 1984;) and 
hatchlings (Prange and Ackerman, 1974; Wyneken, 1997) at an ambient 
temperature of 25°C.  On adding adult green turtles, the exponent increased to 
0.910.  The turtles used in all the studies were active.  The b value of 0.889 reported 
above matches the 0.889 reported by Nagy (2005) on 55 species of reptiles.  
Jordice, Epperson and Henkviser (2006) reported a mass scaling exponent of 0.626 
from the allometric relationship between daily energy expenditure and body mass for 
Gopher tortoises, desert tortoises (Gopherus agassizii) and box turtles (Terrapene 
carolina).  The exponent was less than the theoretical one for herbivorous reptiles. 
 
The values obtained from the studies are close to the values obtained from this 
study; however, FMRs are usually higher than RMRs due to specific dynamic action.  
In this study, the tortoises were resting, while in the FMR studies the turtles were 
active. Levels of activity are reported to influence mass scaling exponents in some 
animals (Weibel, Bacigalupe, Schmitt and Happeler, 2004; Nagy, 2005; Niven and 
Scharlemann, 2005; Glaizer, 2008, 2009). 
 
The deviation of the intraspecific mass scaling exponents from the predicted 
interspecific values has been reported in other reptiles, for example snakes (McCue 
and Lillywhite, 2003) and tuatara (Cartland and Gimmond, 1994).  Some of the 
scaling exponents obtained for C. angulata at different temperatures and seasons 
fall within the broad range of (0.62 – 1.09) reported for reptiles (Schmidt-Nielsen, 
1984) and for other chelonians. 
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6.5 Conclusion 
 
The mass scaling exponents obtained for C. angulata at different temperatures and 
seasons have a broad range (0.48 - 1.67) and within the broad range reported for 
other chelonians but were higher than the theoretical values for turtles.  The 
exponents are not significantly influenced by temperature, but show three distinct 
ranges within the temperature range of 14 - 40°C in summer-acclimated tortoises.  At 
14 - 18°C, the values of the slopes are higher (1.47 – 1.67), at 22 - 38°C the 
exponents range from 0.48 to 0.73, and at 40°C the exponent is 1.01. 
 
The results show that it is important to consider temperature when determining mass 
exponent scales of organisms.  The variation between the intraspecific mass 
exponents among chelonians, as well as the deviation of most intraspecific mass 
exponents from the theoretical value for turtles, show the importance of measuring 
the relationship of oxygen consumption and body mass for each tortoise species to 
be able to precisely estimate their energy demands. 
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C h a p t e r  7  
 
THE POSITION OF CHERSINA ANGULATA IN THE ENDOTHERMY-
ECTOTHERMY CONTINUUM 
7.1 Introduction 
 
Animals are classified as either endotherms or ectotherms based on their 
mechanisms of thermoregulation.  Endotherms regulate their body temperatures by 
producing heat from within their bodies e.g. mammals and birds, while ectotherms 
are wholly or partly dependent on external heat source like solar radiation to regulate 
their body temperatures e.g. fish, amphibians, reptiles and insects (Brattstrom 1965; 
Pough, 1983; Moyes and Schulte, 2006).  Endothermy in mammals and birds is 
usually associated with homeothermy, that is they maintain their body temperature 
constant within a range of environmental temperatures (Moyes and Schulte, 2006).  
Endothermy involves metabolic heat production to maintain high body temperature 
and has evolved in mammals, birds and some reptiles, fish and insects (McNab, 
1978; Hayes and Garland, 1995; Bennett, Hicks and Cullus, 2000).  Endothermy in 
mammals and birds is mainly due to metabolic heat production in visceral organs 
(Aschoff, Gunther and Kramer, 1971; Piersma, Bruinzeel, Drent, Kersten, Van der 
Meer and Wiersma, 1996; Williams and Tieleman, 2000).  Alternatively, the increase 
in metabolic heat production in mammals and birds may result from skeletal muscles 
(Scott and Evans, 1992; Weber and Piersma, 1996).  In some insects (Heinrich, 
1993), fish (Carey, Teal, Kanwisher and Lawson, 1971) and reptiles (Hutchison, 
Dowling and Vinegar, 1966), endothermy is mainly a result of myogenic heat 
production (Pough, Haiser and McFarland, 1996). 
 
Ectothermy is often associated with poikilothermy.  Ectotherms are divided into two 
groups based on their major heat source.  Those with the sun as their major heat 
source are heliotherms while those with substratum as their major heat source are 
thigmiotherms (Willmer, Stone and Johnston, 2005).  Animals that act like 
homeotherms for part of the time, and like poikilotherms for the rest of the time are 
termed heterotherms (Willmer et al., 2005).  Reptiles are usually associated with 
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ectothermy and poikilothermy.  However, some reptiles had been found to have both 
ectothermic and endothermic traits (for example Cragg, 1978; Feder and Feder, 
1981; Al-Sadoon, 1991, 1999; Zaidan, 2003).  Bicego, Barros and Branco (2007) 
reported that with few exceptions, both endotherms and ectotherms develop fever in 
response to exogenous pyrogens, and hypothermia in response to hypoxia, which a 
re regulated processes.  This chapter seeks to elucidate the status of Chersina 
angulata in terms of endothermy and ectothermy based on the effect of metabolic 
responses to various environmental conditions. 
 
 
7.2 The relation of body temperature to ambient temperature in endotherms 
and ectotherms 
 
Body temperature is of great importance to the performance and fitness of 
ectotherms (Martin and Huey, 2008).  Ectotherms are characterized by body 
temperature that varies with environmental temperature.  On the contrary, 
endotherms are characterized by body temperatures that are relatively constant, 
maintained at rest, and maintained by metabolic heat production (Liu, Wang and 
Sun, 2004).  Chersina angulata raise their body temperature by about 20% above 
ambient temperature in the field (Boycott and Bourquin, 2000).  Elevated body 
temperature above ambient temperature has also been reported in Testudo 
hermanni (Pulford, Hailey and Stubbs, 1984) and spurred tortoise (Testudo graeca 
L.) (Cloudsley-Thompson, 1974).  The elevation of body temperature above ambient 
temperature in the tortoises may be considered an endothermic characteristic since 
the classic ectothermy model does not allow body temperature of a resting animal to 
exceed ambient temperature.  However this may not be so, based on the beer can 
experiment by Heath (1964) who showed that beer cans filled with water in the sun 
were hotter than ambient air and concluded that thermoregulation entailed more than 
passive heating to temperatures above ambient temperature.  A thermoregulating 
organism has to sense the environment and then process the environmental 
information (Seebacher and Franklin, 2005). 
 
The elevation of body temperature above surrounding water temperature has been 
reported in other chelonians like sea turtles (Mrosovsky and Pritchard, 1971; Frair, 
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Ackman and Mrosovsky, 1972; Heath and McGinnis, 1980; Standora, Spotila and 
Foley, 1982; Paladino, 1990; Sakamoto, Ochida, Naito, Kureha, Tujimura and Sato, 
1990; Sato, Sakamoto, Matsuzawa, Tanaka and Naito 1994; Sato, Sakamoto, 
Matsuzawa, Tanaka, Minamikawa and Naito, 1995; Sato, Matsuzawa, Tanaka, 
Bando, Minamikawa, Sakamoto and Naito, 1998).  The musk turtles (Sternotherus 
odoratus Latrille) were reported to be warmer than the surrounding water at lower 
environmental temperatures (17 - 19°C) and cooler at higher temperatures (28 - 
30°C) under field conditions (Edgren and Edgren, 1955).  The elevation of body 
temperature above surrounding water has also been reported in the fish Thynnus 
pelamys and the bluefin tuna (Carey and Teal, 1966).  These reports are evidence 
for thermoregulation as opposed to conformation in some ectotherms. 
 
 
7.3 Endogenous circadian rhythms 
 
Most endotherms possess an endogenous circadian clock that synchronizes the 
physiology and activity of the animal with daily cycles of light, temperature and 
nutrient availability (Chew, Lindberg and Hayden, 1965; Refinetti and Menaker, 
1992; Rutter, Reick and McKnight, 2002).  The circadian rhythm of body temperature 
is caused by increments in metabolic rate (MR) which are thought to be further 
influenced by a circadian rhythm of thermal conductance (Aschoff and Pohl, 1970; 
Aschoff, 1982).  Endogenous circadian rhythms in MR have been reported mostly in 
endotherms for instance avians like the common redpoll (Pohl and West, 1973) and 
in mammals like naked mole rats (Riccio and Goldman, 2000). 
 
Ectotherms are more energetically efficient in biomass conversion than endotherms 
(Pough, 1980).  Birds and mammals are reported to have basal metabolic rates 5-8 
times greater than that of ectothermic vertebrates (Bennett and Ruben, 1979; 
Seebacher, Schwartz and Thompson, 2006).  To reduce the cost of endothermy, 
some endotherms employ heterothermy where their body temperature is kept 
constant only under certain conditions.  This has been observed in daily energy 
cycles in hummingbirds and shrews, and seasonal energy cycles in hibernating 
animals for example ground squirrels.  The presence of circadian rhythms in the 
metabolism of Chersina angulata, other reptiles (Chapter 3) and some frogs (e.g. 
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Hutchison and Kohl, 1971) may contribute to daily energy conservation in some 
ectotherms also. 
 
 
7.4 The relation of metabolic rate and ambient temperature in endotherms 
and ectotherms 
 
Physiological strategies for coping with extreme temperature differ in ectotherms and 
endotherms.  Endotherms respond to temperature change by inducing a 
compensatory regulatory response to maintain a constant body temperature while in 
ectotherms, ambient temperature alters body temperature and changes many 
physiological processes.  Endothermic body temperature regulation incorporates 
physiological processes like the control of insulation, muscular heat production, 
evaporative heat loss, the control of heat exchange by conduction and convection as 
well as alteration in MR.  The regulation of body temperature in ectotherms is limited 
and MR commonly varies with ambient temperature (Eckert and Randall, 1983; 
Hillenuis and Ruben, 2004). 
 
In endotherms, MR increases as ambient temperature decreases below the thermal 
neutral zone (TNZ) in order to produce heat necessary for maintaining a constant 
body temperature.  As ambient temperature decreases further, developmental 
processes slow down due to reduced metabolic reactions for both endotherms and 
ectotherms.  Higher ambient temperatures above the TNZ damage cells and tissues 
and may be fatal (Moyes and Schulte, 2006). 
 
Metabolic rates of ectotherms are typically known to increase with increasing 
temperature (Bennett and Dawson, 1976).  Figure 7.1 shows hypothetical 
representations of the relations of MR and ambient temperature in endotherms and 
ectotherms.  According to Moyes and Schulte (2006), the concept of a thermal 
neutral zone (TNZ) does not apply to animals that have variable body temperature, 
and the animals typically spend most of their life in a range of temperatures that is 
optimal for their physiological processes.  TNZ is predominantly associated with 
thermoregulation of endotherms like birds and mammals (Weathers, Shapiro and 
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Astheimer, 1980; Downs and Perrin, 1995; Liu et al., 2004; Zhao, Cao, Meng and Li, 
2010). 
 
 
Figure 7.1. Diagrammatic representations of MR-ambient temperature relationships 
exhibited by hypothertical endotherms and ectotherms.  TNZ represents thermal 
neutral zone. 
 
In this study, the MR of Chersina angulata, which is a reptile, and is commonly 
known as an ectotherm, was significantly affected by varying experimental 
temperature (F(7,83) = 73.22, P < 0.001).  However, the MR did not increase linearly 
with ambient temperature (Chapter 4, Figure 4.4) as is the case with other 
ectothermic vertebrates (Gatten, 1974, Bennett and Dawson, 1976; Beaupre, 
Dunham and Overall, 1993; Karasov and Anderson, 1998; McNab, 2002). MR was 
largely temperature insensitive at experimental temperature range of 26 - 38°C.  A 
metabolic rate temperature insensitive zone (MRTIZ) is usually associated with the 
TNZ in endotherms.  The presence of a MRTIZ in C. angulata may be taken as 
evidence of an endothermic trait.  However, unlike in endotherms, the MR of C. 
angulata decreased with decreasing ambient temperature below the MRTIZ. 
 
A metabolic rate temperature insensitive zone has been reported in some reptilian 
ectotherms (see Chapter 4).  The zone may be the temperatures at which the animal 
functions well, which may be related to the physiological concept of capacity 
adaptation which states that adaptation occurs within a range of normal 
temperatures (Precht, Christophersen, Hensel and Larcher 1973, Beamers and 
Lindeborg, 1967).  According to Huey and Stevenson (1979), a zone of temperatures 
Endotherm 
TNZ 
Ectotherm 
Ambient temperature Ambient temperature 
M
R
 
M
R
 
 130 
within which performance does not vary much implies continuity of many 
physiological systems.  The width of the MRTIZ has profound implications for 
ecology and behaviour of the species concerned (Huey and Slatkin, 1976).  MRTIZ 
in ectotherms may suggest that the temperature range encompasses the thermal 
preferendum of that species concerned (Clairaeux and Lagardere, 1999).  The 
MRTIZ could refer to the range of the species‟ voluntary body temperature (Al-
Sadoon, 1999) which has been considered the mechanism of metabolic homeostasis 
(Bennett and Dawson, 1976). 
 
Endotherms can further be grouped based on the width of their TNZ.  Eurythermic 
animals can tolerate a wider temperature range and have a broader TNZ while 
stenothermic animals are restricted to a narrow ambient temperature range.  If 
MRTIZ was to be used the same way as the TNZ, C. angulata would be considered 
eurythermic.  The MRTIZ of C. angulata cannot be compared with other tortoises 
because no appropriate information could be found after exhaustive searching.  
According to Moyes and Schulte (2006), the ability of an animal to tolerate a lower 
ambient temperature than its competitor allows the tolerant animal to expand into 
colder environmental niche.  The breadth of the MRTIZ of C. angulata may explain 
why they occur in areas of varying climates.  Knowing the thermal tolerances of other 
tortoises and ectotherms in general may assist in explaining their geographical 
distribution. 
 
 
7.5 Activity 
 
Ectotherms are known to have reduced activity at extreme temperatures.  Chersina 
angulata are reported to be inactive at ambient temperatures below 17°C and to 
shuttle between shade and open terrain at higher temperatures (Els, 1989).  The 
inactivity of the tortoises at low temperature is commonly thought to be for energy 
conservation.  In contrast endotherms can be active even in the cold.  However, this 
comes at a cost; endotherms need to feed often to maintain high metabolic rates. 
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7.6 Seasonal effects 
 
Chersina angulata in this study do not show a clear pattern of seasonal acclimation 
and no clear temperature compensation was evident.  The MR-temperature curve of 
winter-acclimated tortoises crosses that of the summer-acclimated tortoises (Chapter 
5, Figure 5.1).  There was no significant effect of season in the MR of C. angulata 
(F(1,82) = 0.04, P = 0.84).  The seasonal constancy in MR at the temperatures tested 
may suggest that MR is not prominently involved in winter acclimatization of C. 
angulata.  This poses a question as to whether C. angulata are completely 
ectothermic or have endothermic traits as well.  Lack of temperature compensation 
has been noted on other ectotherms like the cricket frog (Acris crepitans) (Dunlap, 
1971).  Decrease in the MR in winter has been reported in the bullfrog (Rana 
catesbiana) (Rocha and Branchio, 1998) and in several amphibians species during 
aestivation (McClanahan, Ruibal and shoemaker, 1983; Flanigan and Guppy, 1997).  
The study by Flanigan, Winthers and Guppy (1991) showed that the decrease in MR 
in the frog Neobatracus pelobatoides was not induced by external factors but from 
within tissues.  The results of the above study may serve as evidence for 
endothermy in some amphibians since the heat was generated internally. 
 
7.7 The relation of metabolic rate to body size 
 
Endotherms (of a given size) have much higher MRs than do ectotherms of an 
equivalent size (larger by about 10 times on average) (Brett, 1972).  Big animals 
especially endotherms require more food and thus larger home ranges. 
 
Some huge supposed ectotherms (for example some extinct dinosaurs and the 
leatherback turtle) and endotherms (elephant) are found to employ gigantothermy for 
thermoregulation due to their low surface area to volume ratio which decreases the 
heat exchange rate (Turner and Tracy, 1986; Paladino, 1990; Spotila and O‟Connor, 
1991; Spotila, O‟Connor, Dodson and Spotila, 1991).  Thus both endothermic and 
ectothermic strategies are employed in big reptiles and mammals. 
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7.8 Heating and cooling rates 
 
From the studies on the heating and cooling rates of Chersina angulata, Perrin and 
Campbell (1981) and Els, Erasmus and Winter (1988), found C. angulata to heat 
significantly faster than they cooled.  An animal that is unable to control its body 
temperature will heat and cool at about the same rate given a constant environment 
hence C. angulata seems to thermoregulate physiologically.  Faster heating rates 
than cooling rates have also been observed in some sea turtles (Hochsheid, 
Bentivegna and Speakman, 2002) which may indicate that some turtles have some 
control over their blood flow (Heath and McGinnis, 1980). 
 
7.9 Conclusion 
 
This study has shown that Chersina angulata although considered an ectotherm also 
shows endothermic characteristics.  C. angulata may better be classified as a 
heterotherm since it exhibits combinations of ectothermy and endothermy.  This 
implies that the common interpretations were an oversimplification.  C. angulata are 
neither purely ectothermic nor purely endothermic.  They are dependent on their 
surroundings but also seem to have an internal physiological mechanism for 
thermoregulation.  C. angulata from this study acted as a conformer at a temperature 
range of 14 – 26°C and a thermoregulator at a temperature range of 26 – 38°C.  It is 
also possible that many animals fall along the continuum between purely ectothermic 
to purely endothermic thermoregulation strategies. 
 133 
 
7.10 References 
 
AL-SADOON, M.K. 1991. MR-temperature curves of the horned viper, Cerastes 
cerastes gasperetti, the moila snake, Malpolon moilensis, and the adder, 
Vipera berus. Comparative Biochemistry and Physiology A 99, 119-122. 
AL-SADOON, M.K. 1999. Comparative MR-temperature curves of five species of 
snakes of families viperidae, colubridae and leptotyphlopidae. The Journal of 
King Saud University Science 11[2], 69-79. 
ASCHOFF, J. 1982. The circadian rhythm of body temperature as a function body 
size. In: Taylor, C.R., R. Johansen & L. Bolis. (Eds), A companion to animal 
physiology. Pp 173-188. Cambridge University Press, Cambridge. 
ASCHOFF, J. & H. POHL. 1970. Rhythmic variation in energy metabolism. 
Federation Proceedings 29, 1541-1552. 
BEAMERS, C.G. & R.G. LINDEBORG. 1967. Temperature adaptation in the snail 
Physa anatina. Proceedings of The Oklahoma Academy of Science 13-14. 
BEAUPRE, S.J., A.E. DUNHAM & K.L. OVERALL. 1993. Metabolism of a desert 
lizard: The effects of mass, sex, population of origin, temperature, time of 
day and feeding on oxygen consumption of Sceloporus merriami. 
Physiological Zoology 66[1], 128-147. 
BENNETT, A.F. & W.R. DAWSON. 1976. Metabolism. In Biology of the reptilian. 
Gans, C.C. & F.H. Pough, (Eds). Vol. 5. 127-223. Academic Press. New 
York. 
BENNETT, A.F., J.W. HICKS & A.J. CULLUS. 2000. An experimental test of the 
thermoregulatory hypothesis for the evolution of endothermy. Evolution 
54(5), 1768-1773. 
BENNETT, A.F. & J.A. RUBEN. 1979. Endothermy and activity in vertebrates. 
Science 206(4419), 649-654. 
 134 
BICEGO, K.C., R.C. BARROS & L.G. BRANCO. 2007. Physiology of temperature 
regulation: comparative aspects. Comparative Biochemistry and Physiology 
A 147(3), 616-639. 
BOYCOTT, R.C. & O. BOURQUIN. 2000. The southern African tortoise book: A 
guide to southern African tortoises, terrapins and turtles. O. Bourquin, 
KwaZulu-Natal, South Africa 
BRETT, J.R. 1972. The metabolic demand of oxygen in fish, particularly salmonids, 
and a comparison with other vertebrates. Respiration Physiology 14(1-2), 
151-170. 
BRATTSTROM, B.H. 1965. Body temperature of reptiles. American Midland 
Naturalist 73(2), 376-422. 
BROEKMAN, M., N.C. BENNETT, C.R. JACKSON & M. SCANTLEBURY.  2006. 
Mole-rats from higher altitudes have greater thermoregulatory capabilities. 
Physiological Behaviour 89, 750-754. 
CAREY, F. G. & J.M. TEAL. 1966. Heat conservation in tuna fish muscle. 
Proceedings of the National Academy of Sciences of the United States of 
America 56, 1464-1469. 
CAREY, F.G., J.L. TEAL, J.W. KANWISHER & K.D. LAWSON. 1971. Warm-bodied 
fish. American Zoologist 11, 135-145. 
CHEW, R.M., R.G. LINDBERG & P. HAYDEN. 1965. Circadian rhythm of MR in 
pocket mice. Journal of Mammalogy 46, 477-494. 
CLAIREAUX, G. & J.P. LAGARDERE. 1999. Influence of temperature, oxygen and 
salinity on the metabolism of the European sea bass. Journal of Sea 
Research 42(2), 157-168. 
CLOUDSLEY-THOMPSON, J.L. 1974. Physiological thermoregulation in the spurred 
tortoise (Testudo graeca L). Journal of Natural History 8(5), 577-587. 
 135 
CRAGG, P.A. 1978. Oxygen consumption in the lizard genus Lacerta in relation to 
diel variation, maximum activity and body weight. Journal of Experimental 
Biology 77, 33-56. 
DOWNS, C.T. & M.R. PERRIN. 1995. The thermal biology of three southern African 
elephant shrews. Journal of Thermal Biology 20(6), 445-450. 
DUNLAP, D.G. 1971. Acutely measured MR-temperature curves in the cricket frog, 
Acris crepitans.  Comparative Biochemistry and Physiology A 38(1), 1-16. 
ECKERT, R. & D.J. RANDALL. 1983. Animal Physiology: Mechanisms and 
adaptations. 2nd Edition. W.H. Freeman and Company, New York, U.S.A. 
EDGREN, R.A. & M.K. EDGREN. 1955. Thermoregulation in the musk turtle, 
Sternotherus odoratus Latreille. Herpetologica 11(3), 213-217. 
ELS, S.F. 1989. Ecophysiological studies on the tortoise, Chersina angulata PhD 
thesis, University of Port Elizabeth, Port Elizabeth, South Africa. 
ELS, S.F., T. ERASMUS & P.E.D. WINTER. 1988. Heating and cooling rates and 
their effects upon heart rate in the angulate tortoise, Chersina angulata. 
South African Journal of Zoology 23, 230-234. 
FEDER, M.E. & J.H. FEDER. 1981. Diel variation of oxygen consumption in three 
species of Philippine gekkonid lizards. Copeia 1981, 204-209. 
FLANIGAN, J.E & M. GUPPY. 1997. Metabolic depression and sodium-potassium 
ATPase in the aestivating frog Neobatracus kunapalari. Journal of 
Experimental Biology 161, 273-283. 
FLANIGAN, J.E., P.C. WINTHERS & M. GUPPY. 1991. In vitro metabolic depression 
of tissues from the aestivating frog Neobatracus pelobaitoides. Journal of 
Experimental Biology 167, 135-145. 
FRAIR, W., R.G. ACKMAN & N. MROSOVSKY, 1972. Body temperature of 
Dermochelys coriacea: warm turtle from cold water. Science 177(4051), 791-
793. 
 136 
GATTEN JR, R.E. 1974. Effects of temperature and activity on aerobic and 
anaerobic metabolism and heart rate in the turtles Pseudemys scripta and 
Terrapene ornate. Comparative Biochemistry and Physiology A 48, 619-648. 
HAYES J.P., & T. GARLAND. 1995. The evolution of endothermy: Testing the 
aerobic capacity model. Evolutionist 49, 836-847. 
HEATH, J.E. 1964. Reptilian thermoregulation: evaluation of field studies. Science 
146, 784-785. 
HEATH, M.E. & S.M. MCGINNIS. 1980. Body temperatures and heat transfer in the 
green sea turtle Chelonia mydas. Copeia 1980(4), 767-773. 
HEINRICH, B. 1993. The hot-blooded insects: strategies and mechanisms of 
thermoregulation.  Harvard University Press. Cambridge, MA. 
HILLENUIS, W.J. & J.A. RUBEN. 2004. The evolution of endothermy in terrestrial 
vertebrates: Who? When? Why? Physiological and Biochemical Zoology 
77(6), 1019-1042. 
HOCHSHEID, S., F. BENTIVEGNA & J.R. SPEAKMAN. 2002. Regional blood flow 
in sea turtles: Implications for heat exchange in an aquatic ectotherm. 
Physiological and Biochemical Zoology 75(1), 66-76. 
HUEY, R.B. & R.D. STEVENSON. 1979. Integrating thermal physiology and ecology 
of ectotherms: a discussion of approaches. American Zoologist 19, 357-366. 
HUEY. R.B. & M. SLATKIN. 1976. Costs and benefits of lizards thermoregulation. 
Quarterly Review Biology 51, 363-384. 
HUTCHISON, V.H., H.G. DOWLING & A. VINEGAR. 1966. Thermoregulation in a 
brooding female Indian Python, (Python molurus bivittatus). Science 151, 
694-696. 
HUTCHISON, V.H. & M.A. KOHL. 1971. The effect of photoperiod on daily rhythms 
of oxygen consumption in the tropical toad, Bufo marinus. Journal of 
Comparative Physiology A: Neuroethology, Sensory, Neural and Behavioural 
Physiology 75[4], 367-382. 
 137 
KARASOV, W.H. & R.A. ANDERSON, 1998. Correlates of average daily metabolism 
of average daily metabolism of field-active zebra-tailed lizards (Callisaurus 
draconoides). Physiological Zoology 71, 93-105. 
LIU, J., D. WANG & R. SUN, 2004. Metabolism and thermoregulation in three 
species of rodent from Northeastern China. Journal of Thermal Biology 29, 
177-183. 
MARTIN, T.L. & R.B. HUEY. 2008. Why “Suboptimal” is optimal: Jensen‟s inequality 
and ectotherm thermal preferences. American Naturalist 171(3), 102-118. 
MCCLANAHAN, L.L., R. RUIBAL & V.H. SHOEMAKER. 1983. Rate of cocoon 
formation and its physiological correlates in a ceratophryd frog. Physiological 
Zoology 56, 430-435. 
MCNAB, B.K. 1978. The evolution of endothermy in the phylogeny of mammals. 
American Naturalist 112(983), 1-21. 
MCNAB, B.K. 2002. The physiological ecology of vertebrates: a view from 
energetics. Comstock Publishing Associates, Cornell University Press, 
Ithaca, NY. 
MOYES, C.D. & P.M. SCHULTE. 2006. Principles of animal physiology. Pearson, 
San Francisco. 
MROSOVSKY, N. & P.C.H. PRITCHARD. 1971. Body temperatures of Dermochelys 
coriacea and other sea turtles. Copeia 1971(4), 624-631. 
PALADINO, F.V. 1990. Metabolism of leatherback turtles, gigantothermy and 
thermoregulation of dinosaurs. Nature 344, 858-860. 
PERRIN, M.R. & B.S. CAMPBELL. 1981. Some aspects of thermoregulation in three 
species of southern African tortoise. South African Journal of Zoology 16, 
35-43. 
PIERSMA, T., L. BRUINZEEL, R. DRENT, M. KERSTEN, J. VAN DER MEER AND 
P. WIERSMA. 1996. Variability in basal MR of a long distance migrant shore 
 138 
bird (Red Knot, Calidris canutus) reflects shifts in organ sizes, Physiological 
Zoology 69, 191-267. 
POHL, H. & G.C. WEST. 1973. Daily and seasonal variation in metabolic response 
to cold during rest and forced exercise in the common redpoll. Comparative 
Biochemistry and Physiology A 45, 851-867. 
POUGH, F.H. 1980. The advantages of ectothermy for tetrapods. The American 
Naturalist 115(1), 92-112. 
POUGH, F.H. 1983. In: Behaviour Energetics: The cost of survival in vertebrates 
(Eds), Aspey, W.P. and S.I. Lustick. Ohio State University Press, Colombus. 
POUGH, F., J. HAISER & W. MCFARLAND. 1996. Vertebrate life. Prentice Hall 
International Inc, New Jersey. 
PRECHT, H., J. CHRISTOPHERSEN, H. HENSEL & W. LARCHER. 1973. 
Temperature and life. Springer-Verlag, New York. 
PULFORD, E., A. HAILEY & STUBBS. 1984. Thermal relations of Testudo hermanni 
robrtmertensi Wermuth in S. France. Amphibia-Reptilia 5(1), 37-41. 
REFINETTI, R. & M. MENAKER. 1992. The circadian rhythm of body temperature. 
Physiology and Behaviour 51, 613-637. 
RICCIO, A.P. & B.D. GOLDMAN. 2000. Circadian rhythms of body temperature and 
MR in naked mole-rats. Physiological Behaviour 71(1-2), 15-22. 
ROCHA, P.L. & L.G.S. BRANCHIO. 1998. Seasonal changes in the cardiovascular, 
respiratory and metabolic responses to temperature and hypoxia in the 
bullfrog Rana catesbeiana. Journal of Experimental Biology 201, 761-768. 
RUTTER, J., M. REICK & S.L. MCKNIGHT. 2002. Metabolism and the control of 
circadian rhythms. Annual Review of Biochemistry 71, 307-331. 
SAKAMOTO, W., I. OCHIDA, Y. NAITO, K. KUREHA, M. TUJIMURA & K. SATO, 
1990. Deep diving behaviour of the loggerhead turtle near the frontal zone. 
Nippon, Suisan Gakkaishi 56, 1435-1445. 
 139 
SATO, K., W. SAKAMOTO, Y. MATSUZAWA, H. TANAKA, S. MINAMIKAWA & Y. 
NAITO. 1995. Body temperature independence of solar radiation in free 
ranging loggerhead turtles Caretta caretta during internesting periods. 
Marine Biology 123, 197-205. 
SATO, K., W. SAKAMOTO, Y. MATSUZAWA, H. TANAKA, & Y. NAITO. 1994. 
Correlation between stomach temperatures and ambient water temperatures 
in free ranging loggerhead turtles, Caretta caretta. Marine Biology 118, 343-
351. 
SATO, K., Y. MATSUZAWA, H. TANAKA, T. BANDO, S. MINAMIKAWA, W. 
SAKAMOTO & Y. NAITO. 1998. Internesting intervals for loggerhead turtles, 
Caretta caretta and green turtles Chelonia mydas, are affected by 
temperature. Canadian Journal of Zoology 76, 1651-1662. 
SCOTT, I. & P.R. EVANS. 1992. The metabolic output of avian (Strunus vulguris, 
Calidris alpina) adipose tissue, liver and skeletal muscle: implications for 
BMR/body mass relationships. Comparative Biochemistry and Physiology A 
103, 329-332. 
SEEBACHER, F. & C.E. FRANKLIN. 2005. Physiological mechanisms of 
thermoregulation in reptiles: a review. Journal of Comparative Physiology B 
175(8), 533-541. 
SEEBACHER, F., T.S. SCHWARTZ & M.B. THOMPSON. 2006. Transition from 
ectothermy to endothermy: the development of metabolic capacity in a bird.  
Proceedings of the Royal Society B. 273, 565-570. 
SPOTILA, J.R. & M.P. O‟CONNOR. 1991. Hot and cold running dinosaurs: body size 
metabolism and migration. Modern geology 16, 203-227. 
STANDORA, E.A., J.R. SPOTILA & R.E. FOLEY. 1982. Regional endothermy in the 
sea turtle Chelonia mydas. Journal of thermal Biology 7, 159-165. 
TURNER, J. & C. TRACY. 1986. Body size, homeothermy and the control of heat 
exchange in mammal-like reptiles. In: The ecology and biology of mammal-
 140 
like reptiles (Eds), N. Hotton III, P.D. Maclean, J. J. Roth and C. Roth. Pp 
185-194.  Smithsonian Institution Press, Washington, DC. 
WEATHERS, W.W., C.J. SHAPIRO & L.B. ASTHEIMER. 1980. Metabolic responses 
of Cassin‟s finches (Carpodacus cassinii) to temperature. Comparative 
Biochemistry and Physiology A 65(2), 235-238. 
WEBER, T.P. & T. PIERSMA. 1996. Basal metabolic rate and the mass of tissues 
differing in metabolic scope: migration related covariation between individual 
Knots Calidris canutus. Journal of Avian Biology 27, 215-224. 
WILLIAMS, J.B. & B.I. TIELEMAN. 2000. Flexibility in basal metabolic rate and 
evaporative water loss among hoopoe larks exposed to different 
environmental temperatures. Journal of Experimental Biology 203, 3153-
3159. 
WILLMER, P., G. STONE & I. JOHNSTON. 2005. Environmental Physiology of 
animals. Blackwell Publishing Company, Carlton, Australia. 
ZAIDAN, F. 2003. Variation in cottonmouth (Agkistrodon piscivorus leucostoma) 
resting metabolic rates. Comparative Biochemistry and Physiology A 134, 
511-523. 
ZHAO, Z., J.C. CAO, X. MENG & Y. LI. 2010. Seasonal variations in metabolism and 
thermoregulation in the striped hamster (Cricetulus barabensis). Journal of 
Thermal Biology 35, 52-57. 
 141 
APPENDIX A 
 
Table A 1: Morphological characteristics of the adult C. angulata used in this study. 
(All measurements are in mm except for mass (g)).  The tortoise identity number is 
preceded by an “F” designating female and an “M” designating male. 
 
ID Sex Initial mass(g) GL PL TL PW CWPS MCWC CLC Height 
F1 F 631.50 35.1 147.9 170.0 100.0 108.1 176.0 198.9 77.1 
F2 F 505.03 32.0 135.0 165.0 95.0 99.1 175.1 198.0 70.0 
F3 F 765.55 33.1 142.0 169.1 96.2 98.2 195.1 207.1 83.0 
F4 F 631.95 31.2 140.1 162.1 91.2 101.0 174.0 188.0 74.1 
F5 F 443.00 30.0 124.0 146.0 84.1 90.0 166.1 181.0 78.2 
F6 F 570.02 33.1 134.9 153.1 85.2 90.2 170.1 188.1 73.0 
F7 F 469.53 32.3 135.0 155.2 85.2 91.1 165.0 185.1 64.5 
F8 F 358.00 28.4 116.0 130.0 76.1 80.2 150.0 170.0 66.1 
M1 M 626.55 44.3 154.9 186.1 94.1 112.1 180.1 215.0 75.1 
M2 M 439.25 35.2 134.1 155.0 85.2 95.1 168.1 182.1 80.0 
M3 M 746.70 40.0 157.0 203.0 101.2 114.0 199.0 225.1 85.0 
M4 M 765.10 48.0 175.0 204.1 102.1 128.0 195.1 238.0 75.1 
M5 M 643.91 43.3 157.1 186.1 98.1 112.2 185.1 226.1 85.0 
M6 M 706.90 45.3 169.1 205.0 101.0 112.1 186.0 234.0 73.1 
M7 M 571.22 42.1 152.2 180.0 105.0 110.2 179.9 209.1 73.0 
M8 M 867.80 52.3 178.1 213.2 110.2 122.1 210.0 242.2 74.5 
M9 M 680.50 31.2 126.3 146.3 80.1 90.6 160.1 185.2 64.3 
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Below is the formula used to calculate the specific resting oxygen consumption (ml 
O2 kg
-1 hr-1) of each tortoise. 
 
sRVO2 (ml O2 kg
-1 hr-1) = {[(D/100)*FR]/Mb}*60*1000 
 
Where  
sRVO2 = specific resting oxygen consumption (ml O2 kg
-1 hr-1) 
D = the difference between the preset oxygen percentage (20.95%) and the 
recorded datum. 
FR = Flow rate was constant at 200 ml min-1. 
Mb = body mass of the experimental tortoise (g). 
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Figure B 1: The relationship of the resting oxygen consumption (VO2) (ml O2 hr
-1) 
and mass (g) of C. angulata used to determine the daily oxygen consumption pattern 
at 14L:10D light regime.  Each point is the daily mean VO2 of an individual tortoise. 
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Figure B 2: The relationship of the resting oxygen consumption (VO2) (ml O2 hr
-1) 
and mass (g) of C. angulata used to determine the daily oxygen consumption pattern 
at constant darkness (DD).  Each point is the daily mean VO2 of an individual 
tortoise. 
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Figure B 3: The relationship of the resting oxygen consumption (ml O2 hr
-1) and mass 
(g) of C. angulata used to determine the daily oxygen consumption pattern at 
constant light (LL).  Each point is the daily mean VO2 of an individual tortoise. 
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Figure B 4: Mean hourly specific resting oxygen consumption of eight adult Chersina 
angulata determined every five minutes during light and dark (14L:10D) regime, at 
26 ± 1°C over 24 hours on eight different days. 
 
A clear daily pattern is observed in Figure B 4.  There was a peak in the sRVO2 in 
the early morning hours between 06h00 and 10h00.  A trough occurred between 
16h00 and 20h00.  After the phasing in of darkness at 07h30, the sRVO2 increased. 
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Figure B 5: Mean hourly specific resting oxygen consumption of eight adult Chersina 
angulata determined during constant darkness (DD), at 26 ± 1°C over 24 hours on 
eight different days. 
 
 
There was a peak in the sRVO2 in early morning hours; the highest was at around 
07h00, followed by a decrease.  The amplitudes of the pattern are relatively small. 
 
 Mean 
 Mean±SE 
 Mean±SD 
0 2 4 6 8 10 12 14 16 18 20 22 24
Time of day (hours)
20
30
40
50
60
70
80
90
100
110
120
130
S
p
e
c
ifi
c
 r
e
s
tin
g
 o
x
y
g
e
n
 c
o
n
s
u
m
p
tio
n
 (
m
l O
2
 k
g
-1
 h
r-
1
)
 149 
 
 
Figure B 6: Mean hourly specific resting oxygen consumption of seven adult 
Chersina angulata determined during constant light (LL), at 26 ± 1°C over 24 hours 
on seven different days. 
 
A daily pattern in the sRVO2 of tortoises was evident with a peak in the early morning 
hours and a trough in the late afternoon hours. 
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Figure C 1: The relationship of the specific resting oxygen consumption (sRVO2) and 
time of day for summer-acclimated C. angulata at 14°C.  N = 7. 
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Figure C 2: The relationship of the specific resting oxygen consumption (sRVO2) and 
time of day for summer-acclimated C. angulata at 18°C.  N = 11. 
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Figure C 3: The relationship of the specific resting oxygen consumption (sRVO2) and 
time of day for summer-acclimated C. angulata at 22°C.  N = 13. 
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Figure C 4: The relationship of the specific resting oxygen consumption (sRVO2) and 
time of day for summer-acclimated C. angulata at 26°C.  N = 11. 
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Figure C 5: The relationship of the specific resting oxygen consumption (sRVO2) and 
time of day for summer-acclimated C. angulata at 30°C.  N = 8. 
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Figure C 6: The relationship of the specific resting oxygen consumption (sRVO2) and 
time of day for summer-acclimated C. angulata at 35°C.  N = 10. 
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Figure C 7: The relationship of the specific resting oxygen consumption (sRVO2) of 
and time day for summer-acclimated C. angulata at 38°C.  N = 6. 
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Figure C 8: The relationship of the specific resting oxygen consumption (sRVO2) and 
time of day for summer-acclimated C. angulata at 40°C.  N = 10. 
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Figure C 9: Box and whiskers plot showing a relationship of mean specific resting 
oxygen consumption (sRVO2) of summer-acclimated C. angulata and different 
experimental temperatures (14 - 40°C). 
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Figure D 1: The relationship of the specific resting oxygen consumption (sRVO2) of 
winter-acclimated C. angulata and time of day at 10°C.  N = 13. 
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Figure D 2: The relation of the specific resting oxygen consumption (sRVO2) of 
winter-acclimated C. angulata and time of day at 14°C.  N = 15. 
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Figure D 3: The relation of the specific resting oxygen consumption (sRVO2) of 
winter-acclimated C. angulata and time of day at 18°C.  N = 15. 
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Figure D 4: The relation of the specific resting oxygen consumption (sRVO2) of 
winter-acclimated C. angulata and time of day at 22°C.  N = 15. 
 
 
0
20
40
60
80
100
1
0
:0
0
1
0
:3
0
1
1
:0
0
1
1
:3
0
1
2
:0
0
1
2
:3
0
1
3
:0
0
1
3
:3
0
1
4
:0
0
1
4
:3
0
1
5
:0
0
Time of day
S
p
e
c
if
ic
 r
e
s
ti
n
g
 o
x
y
g
e
n
 
c
o
n
s
u
m
p
ti
o
n
 (
m
l 
O
2
 k
g
-1
 h
-1
)
Linear (10°C) Linear (14°C) Linear (18°C) Linear (22°C)
 
 
Figure D 5: Regression lines of the specific resting oxygen consumption (sRVO2) of 
winter-acclimated C. angulata and time of day at varying experimental temperatures, 
10 - 22°C. 
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Figure D 6: Regression lines of the specific resting oxygen consumption (sRVO2) of 
summer-acclimated C. angulata and time of day at varying experimental 
temperatures, 14 - 22°C. 
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Figure D 7: Regression lines of the specific resting oxygen consumption (sRVO2) and 
mass of winter-acclimated C. angulata at varying experimental temperatures, 10 - 
22°C.  Each symbol is a mean sRVO2 of an individual tortoise at an experimental 
temperature, as per the legend. 
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Figure D 8: Regression lines of the specific resting oxygen consumption (sRVO2) and 
the mass of summer-acclimated C. angulata at varying experimental temperatures, 
14 - 22°C.  Each symbol is a sRVO2 of an individual tortoise at an experimental 
temperature, as per the legend. 
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Figure D 9: Box and whiskers plot showing the relationship of the mean specific 
resting oxygen consumption (sRVO2) of winter acclimated C. angulata and different 
experimental temperatures (10 - 22°C). 
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Figure E 1: The relationship of the specific resting oxygen consumption (sRVO2) (ml 
O2 kg
-1 hr-1) of winter-acclimated C. angulata and body mass (g) at varying 
experimental temperatures (10 - 22°C) as per the legend. 
 
 
Table E 1: Regression statistics for the Log specific resting oxygen consumption 
(sRVO2) (ml O2 kg
-1 hr-1) of winter-acclimated C. angulata as a function of Log mass 
(g), determined at different experimental temperatures (10 - 14°C). 
 
Texp (°C) N Mb range (g) Mean Mb (g) ± SE P R
2 slope y-intercept 
10 14 355.15 - 870.95 677.18±39.73 0.39 0.06 -0.33 1.71 
14 13 358.57 - 943.47 668.36±43.88 0.41 0.06 0.25 0.60 
18 11 472.98 - 876.66 695.51±39.73 0.26 0.14 0.28 0.90 
22 14 362.88 - 899.34 677.21±40.62 0.01 0.43 -0.55 3.40 
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Figure E 2: Regression lines of the logarithmic plots of specific resting oxygen 
consumption versus body mass of winter acclimated C. angulata at different 
experimental temperatures (10 - 14°C) as per the legend. 
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Figure E 3: The relationship of the specific resting oxygen consumption (sRVO2) (ml 
O2 kg
-1 hr-1) of summer-acclimated C. angulata and body mass (g) at varying 
experimental temperatures (14 - 40°C) as per the legend. 
 163 
 
 
Table E 2: Regression statistics for the Log specific resting oxygen consumption 
(sRVO2) (ml O2 kg
-1 hr-1) of summer-acclimated C. angulata as a function of Log 
mass (g), determined at different experimental temperatures (14 - 40°C). 
 
Texp (°C) N Mb range (g) Mean Mb (g) ± SD R
2 P slope y-intercept 
14 11 355.62 - 840.90 674.35 ± 148.99 0.14 0.25 0.47 0.02 
18 12 408.90 - 794.84 598.99 ± 122.97 0.30 0.07 0.67 -0.28 
22 13 400.92 - 798.45 606.84 ± 134.64 0.30 0.05 -0.52 3.38 
26 12 380.53 - 783.19 582.21 ± 132.27 0.13 0.25 -0.29 2.87 
30 11 368.95 - 742.39 576.32 ± 107.89 0.04 0.56 -0.30 2.86 
35 10 360.40 - 645.58 526.58 ± 104.67 0.40 0.05 -0.27 2.85 
38 6 567.69 - 846.01 694.94 ± 118.73 0.45 0.15 -0.43 3.35 
40 11 373.98 - 839.67 646.94 ± 145.84 0.00 0.98 0.01 2.33 
 
 
